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Response to Persistent ER Stress in Plants: a Multiphasic Process that
Transitions Cells from Prosurvival Activities to Cell Death
Abstract
The unfolded protein response (UPR) is a highly conserved response that protects plants from adverse
environmental conditions. The UPR is elicited by endoplasmic reticulum (ER) stress, in which unfolded and
misfolded proteins accumulate within the ER. Here, we induced the UPR in maize (Zea mays) seedlings to
characterize the molecular events that occur over time during persistent ER stress. We found that a
multiphasic program of gene expression was interwoven among other cellular events, including the induction
of autophagy. One of the earliest phases involved the degradation by regulated IRE1-dependent RNA
degradation (RIDD) of RNA transcripts derived from a family of peroxidase genes. RIDD resulted from the
activation of the promiscuous ribonuclease activity of ZmIRE1 that attacks the mRNAs of secreted proteins.
This was followed by an upsurge in expression of the canonical UPR genes indirectly driven by ZmIRE1 due
to its splicing of Zmbzip60 mRNA to make an active transcription factor that directly upregulates many of the
UPR genes. At the peak of UPR gene expression, a global wave of RNA processing led to the production of
many aberrant UPR gene transcripts, likely tempering the ER stress response. During later stages of ER stress,
ZmIRE1's activity declined as did the expression of survival modulating genes, Bax inhibitor1 and
Bcl-2-associated athanogene7, amidst a rising tide of cell death. Thus, in response to persistent ER stress,
maize seedlings embark on a course of gene expression and cellular events progressing from adaptive
responses to cell death.
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ABSTRACT 29 
 30 
The unfolded protein response (UPR) is a highly conserved response that protects plants from adverse 31 
environmental conditions. The UPR is elicited by endoplasmic reticulum (ER) stress, in which unfolded 32 
and misfolded proteins accumulate within the ER.  Here, we induced the UPR in maize (Zea mays) 33 
seedlings to characterize the molecular events that occur over time during persistent ER stress. We found 34 
that a multiphasic program of gene expression was interwoven among other cellular events, including the 35 
induction of autophagy.  One of the earliest phases involved the degradation by regulated IRE1-dependent 36 
RNA degradation (RIDD) of RNA transcripts derived from a family of peroxidase genes.  RIDD resulted 37 
from the activation of the promiscuous ribonuclease activity of ZmIRE1 that attacks the mRNAs of 38 
secreted proteins. This was followed by an upsurge in expression of the canonical UPR genes indirectly 39 
driven by ZmIRE1 due to its splicing of Zmbzip60 mRNA to make an active transcription factor that 40 
directly upregulates many of the UPR genes.  At the peak of UPR gene expression, a global wave of RNA 41 
processing led to the production of many aberrant UPR gene transcripts, likely tempering the ER stress 42 
response. During later stages of ER stress, ZmIRE1’s activity declined as did the expression of survival 43 
modulating genes, Bax inhibitor1 and Bcl-2-associated athanogene7, amidst a rising tide of cell death.  44 
Thus, in response to persistent ER stress, maize seedlings embark on a course of gene expression and 45 
cellular events progressing from adaptive responses to cell death. 46 
 47 
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INTRODUCTION 49 
 50 
Maize (Zea mays) is the world’s leading crop, with global production for 2017 predicted 51 
to hit 1.05 billion tonnes (FAO, http://www.fao.org/worldfoodsituation/csdb/en/).  Although 52 
maize production has increased yearly, there is growing concern whether yields can be sustained 53 
as the climate changes (Easterling and al., 2007). This is particularly problematic given that the 54 
food supply needs to be doubled by 2050 to feed the planet’s burgeoning population (Ray et al., 55 
2013).  Maize is vulnerable to various abiotic stresses, such as heat stress, which has been shown 56 
to negatively affect production (Lobell and Asner, 2003; Tao et al., 2008; Schlenker and Lobell, 57 
2010; Sakurai et al., 2012; Lobell et al., 2013).  Faced with a changing environment, it has 58 
become a pressing matter to find new mechanisms to protect plants from adverse environmental 59 
conditions. 60 
 Adverse conditions can disrupt sensitive cellular processes in plants, such as protein 61 
folding in the endoplasmic reticulum (ER).  Disruption of protein folding in the ER results in the 62 
accumulation of misfolded proteins, a condition defined as ER stress. ER stress elicits the 63 
Unfolded Protein Response (UPR) in which the ER sends signals to the nucleus to regulate gene 64 
expression.  The UPR is conserved among eukaryotic organisms, although the signaling system 65 
is more complex in more evolved organisms (Hollien, 2013).  In plants the UPR signaling 66 
pathway has two major arms. One arm involves membrane-anchored transcription factors, which 67 
are mobilized and transported to the nucleus in response to ER stress (Howell, 2013).  The other 68 
arm involves the cytoplasmic RNA splicing factor inositol-requiring enzyme 1 (IRE1), which in 69 
response to stress splices bZIP60 mRNA to produce a nuclear-targeted transcription factor, 70 
bZIP60 (Deng et al., 2011; Nagashima et al., 2011).  When activated, IRE1 also targets the 71 
mRNAs of secreted proteins in a process called Regulated IRE1-dependent Decay of mRNAs 72 
(RIDD) (Hollien et al., 2009; Mishiba et al., 2013).  Acting in concert, the two arms of the plant 73 
UPR shape the stress transcriptome, upregulating and down regulating expression of genes to 74 
counteract the effects of stress. 75 
The first report of the UPR in plants concerned the floury-2 endosperm mutants in maize 76 
(Boston et al., 1991; Fontes et al., 1991). The floury-2 mutation causes a defect in the signal 77 
peptide of an -zein protein and the accumulation of the abnormal zein leads to increased 78 
synthesis of a HSP70 lumenal binding protein (BiP), a biomarker for the UPR (Coleman et al., 79 
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1995). In addition, the maize Mucronate mutants, which produce kernels with misshapen 80 
endosperm, results from a frame-shift mutation in a gene encoding a -zein and leads to elevated 81 
levels of BiP (Kim et al., 2004). 82 
The UPR in plants has been best studied in Arabidopsis, in which the UPR core 83 
components have been identified and functionally characterized. Maize has homologs for the 84 
majority of the components described in Arabidopsis.  Like Arabidopsis, maize has two full-85 
length Ire1 genes, unlike rice, which has one.  The two IRE1 genes in Arabidopsis are called 86 
AtIRE1a and AtIRE1b; however, the two maize genes cannot be classified as such based on their 87 
sequence relationship to the Arabidopsis genes.  Maize does have a single gene with sequence 88 
similarity to bZIP60 in Arabidopsis, and Zmbzip60 mRNA is spliced in response to ER stress (Li 89 
et al., 2012).  Maize also encodes a bZIP transcription factor, called bZIP17, predicted to be a 90 
type II membrane-anchored protein and similar to Arabidopsis bZIP28 and bZIP17, which are 91 
proteolytically processed and mobilized to the nucleus in response to ER stress.   92 
In this study, we seek to understand the driving forces that control gene expression during 93 
persistent ER stress and its influence on the cellular and metabolic events that transition maize 94 
seedlings from prosurvival activities to cell death. We have used a variety of tools in our 95 
investigation: RNAseq analysis for gene expression, RNA splicing and microRNA analyses, 96 
ATACseq and CHIPseq analyses, promoter motif analysis, Corncyc for assessment of metabolic 97 
activities, ATG8 lipidation assays to assess autophagy, and dye exclusion assays to evaluate cell 98 
death.   To obtain a clearer picture of the pattern of events, we divided the period of persistent 99 
stress into phases: early, early-mid, mid and late phases.  The events from early to mid phase are 100 
adaptive in nature, aiding in cell survival and bolstering the protein folding and quality control 101 
machinery, while events during the late phase involve senescence or programmed cell death 102 
(Chen and Brandizzi, 2013). In mammalian cells, the transition from adaptive events to cell 103 
death has been attributed to imbalances in the activity of the three branches of the UPR signaling 104 
pathway. During prolonged ER stress in mammalian cells, IRE1 signaling, generally regarded as 105 
pro-survival, attenuates while pro-apoptotic PERK signaling persists (Lin et al., 2007). We 106 
observed a rise and fall of ZmIRE1 activity, which underlies some of the major changes in 107 
adaptive behavior during persistent ER stress in maize seedlings. Our findings demonstrate that 108 
ZmIRE1 shapes the stress transcriptome during the early phase by its RIDD activity that 109 
degrades the RNA transcripts of a family of secreted proteins followed during the early-mid 110 
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phase by ZmIRE1’s splicing of Zmbzip60 mRNA which upregulates the expression of the 111 
canonical UPR genes.  The attenuation of ZmIRE1 activity and selected anti-apoptotic genes in 112 
the late phase culminates in cell death.  113 
 114 
RESULTS 115 
 116 
Many genes are differentially expressed in response to ER stress 117 
 118 
To analyze the ER stress response in maize, we treated seedlings with TM, an effective inducer 119 
of ER stress in plant cells (Supplemental Fig. 1) (Koizumi et al., 1999; Iwata and Koizumi, 120 
2005b; Iwata et al., 2010).  Since TM is stable during prolonged periods of incubation and is 121 
absorbed effectively through the roots of seedlings grown on wet filter paper, root tissues were 122 
sampled over a 48-h time course to assess different phases of the ER stress response.  The 123 
transcriptome was analyzed from samples collected at 0, 3, 6, 12, 24, 36 and 48 h after TM 124 
treatment, and RNAs extracted from roots were analyzed by RNAseq analysis (Supplemental 125 
Data set 1).  A 48-h mock sample was included.  Based on a generalized linear model analysis 126 
using the R package edgeR, 9329 genes showed a significant time effect when the false 127 
discovery rate (FDR) was controlled at 0.05 by the method of Benjamini and Hochberg 128 
(1995).  The differentially expressed genes (DEGs) were grouped into clusters via K-means 129 
clustering, and the Akaike Information Criterion (AIC) was used to select the optimal number of 130 
clusters, K. The plot of AIC value vs. number of clusters is presented in Supplemental Fig. 2.  131 
Because the AIC values did not change substantially after K = 40, we chose to group the DEGs 132 
into 40 clusters (Fig. 1). 133 
 134 
Early phase gene expression and the RIDD activity of ZmIRE1 135 
 136 
The 40 gene clusters were subjected to Gene Ontology (GO) analysis using the AgriGo: 137 
GO Analysis Toolkit (http://bioinfo.cau.edu.cn/agriGO/), and 23 were found to be enriched for 138 
GO terms significant for biological process. The clusters were time ordered according to the first 139 
peak or major increment in the gene expression time course patterns (although a couple of 140 
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clusters had two fairly equal peaks) (Fig. 2) or by the patterns in the heat maps (Supplemental 141 
Fig. 3).  142 
Some of the earliest gene expression changes were in cluster 30, in which the genes 143 
showed a rapid decline in expression in response to TM treatment.  A major GO term for the 144 
genes in this cluster was “oxidative stress response” and several of the genes in this cluster are 145 
peroxidase genes.  For example, RNA levels for the peroxidase gene Zm00001d022282 fell 146 
precipitously after the beginning of TM treatment and remained at low levels throughout the time 147 
course (Fig. 3A).  Several other peroxidase genes showed similar patterns of decline, including a 148 
gene (Zm00001d006937) in cluster 9 (Supplemental Table 1, Fig. 3B). These genes are 149 
predicted to encode secreted proteins (as analyzed by the SignalP 4.1 Server, 150 
http://www.cbs.dtu.dk/services/SignalP/) and are designated as Class III peroxidase genes (Wang 151 
et al., 2015).  152 
We explored whether the rapid decline in peroxidase gene expression in maize was due to 153 
RIDD, the promiscuous ribonuclease activity of ZmIRE1 (Hollien and Weissman, 2006). We 154 
induced the UPR with TM in maize protoplasts in the absence and presence of Ire1 Inhibitor III 155 
(48C), which blocks the endonuclease activity of IRE1 (Cross et al., 2012). Spliced Zmbzip60 156 
mRNA, the product of ZmIRE1 splicing activity was detected in maize protoplasts after TM 157 
treatment for 1 h (Supplemental Fig. 4).   Zmbzip60 mRNA slicing was not detected after TM 158 
treatment when ZmIRE1 endonuclease activity was blocked with 48C.  In protoplasts treated 159 
with TM for 1 h, the RNA from peroxidase gene Zm00001d022282 was degraded. However, the 160 
peroxidase transcripts were spared in TM-treated protoplasts when ZmIRE1 endonuclease 161 
activity was inhibited by 48C. Thus, when treated with TM, the expression of peroxidase gene 162 
Zm00001d022282 was quenched by ZmIRE1-mediated RIDD activity in protoplasts. We deduce 163 
from this that RIDD contributes to the wider loss of RNAs from various members of the 164 
peroxidase gene family in TM-treated maize seedlings.  However, it is possible that down-165 
regulation of peroxidase gene transcription in response to TM treatment may also contribute to 166 
the loss of their transcripts. 167 
 168 
The surge in the expression of the canonical UPR genes during the early-mid phase 169 
 170 
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The genes in cluster 20 and 34 were highly upregulated during the early-mid phase (from 171 
6 to 12 h) and were of considerable interest because many are typically associated with the UPR 172 
in plants (Martinez and Chrispeels, 2003; Iwata et al., 2010; Wakasa et al., 2014). Some of the 173 
genes in cluster 20 encode calnexin 1 (Zm00001d003857), a protein disulfide isomerase 174 
(Zm00001d049099), derlin-1 (Zm00001d010368, an ERAD component), and HSP90-7 175 
(Zm00001d036401) (Fig. 3C-F).  Some other UPR genes are in cluster 34 including those 176 
encoding calreticulin 1a (Zm00001d019283) and the HSP70 luminal binding protein BIP3 177 
(Zm00001d054043) (Fig. 3G, H), which is commonly used as a biomarker for the UPR in plants 178 
(Denecke et al., 1991; Fontes et al., 1991; Martinez and Chrispeels, 2003). 179 
It is of interest that most of the UPR genes in the upsurge of gene expression during the 180 
early-mid phase encode ER-associated proteins predicted to function in protein import, folding 181 
and/or quality control.  In a later section, we will demonstrate that Zmbzip60 is a major driver for 182 
the expression of many of these genes, and the accumulation pattern of spliced Zmbzip60 mRNA 183 
corresponds to the upsurge in UPR gene expression (Supplemental Fig 5 A,B).  Spliced 184 
Zmbzip60 mRNA begins to accumulate in TM-treated seedlings around 3 h and peaks at mid 185 
phase around 24 to 36 h.  The RNA splicing event in both Arabidopsis and maize creates a 186 
transcript that encodes a nuclear targeted form of bZIP60 (Deng et al., 2011; Nagashima et al., 187 
2011; Li et al., 2012).   ZmIRE1 is responsible both for the degradation of the peroxidase gene 188 
transcripts by RIDD and for the splicing of Zmbzip60 mRNA.  Given the rapid degradation of 189 
peroxidase gene transcripts in seedlings brought about by the activation of ZmIRE1, the 190 
accumulation of spliced Zmbzip60 mRNA seems rather slow.  The probable cause is that the 191 
synthesis of its precursor, the unspliced form of Zmbzip60 mRNA is also upregulated, peaking at 192 
mid phase, around 24 h (Fig. 3I).  Its upregulation is thought to be a product of a feed-forward 193 
mechanism described for the upregulation of the bZIP60 gene in Arabidopsis (Iwata and 194 
Koizumi, 2005a).   195 
There was a surprising surge at early-mid phase in the expression of genes involved in 196 
genome replication (nucleosome assembly) and translation (clusters 13, 5, 35, 19) (Fig. 2).  For 197 
example, a gene encoding histone H3 (cluster 5, Zm00001d003725) peaked around 24 h after the 198 
initiation of treatment (Supplemental Fig. 6A).  The genes involved in translation largely 199 
encode ribosomal proteins.  (The sizable variance in data at the peak of histone H3 expression is 200 
likely due to differences in the timing of the peak in different reps, and this was particularly 201 
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noticeable later in the time course as events began to fall out of synchrony.)  Further along the 202 
time course at mid phase (around 36 h) was a peak in stress response genes in clusters 26 and 3 203 
(Fig. 2).  An example, of a gene expressed during mid phase is the lipid transfer protein 1 gene 204 
(Zm00001d044686) in Cluster 3, which rose and fell in expression at 36 h (Supplemental Fig. 205 
6B)   206 
Clusters 10 and 11 in the late phase were surprisingly enriched in photosynthesis genes 207 
(Fig. 2).  This is curious because the RNA used in our analyses was extracted from roots and not 208 
shoots. Nonetheless, the seedlings were grown in the light, and roots, as well as shoots, were 209 
subject to illumination. It is important to note that none of the photosynthesis genes upregulated 210 
in the 48-h TM-treated samples were upregulated (>0.5 log2 FC) in the 48-h mock treated 211 
samples, which were exposed to identical light and growth conditions.  In addition, it should be 212 
pointed out that the level of expression of the upregulated photosynthesis genes was very low.  213 
Nonetheless, the results suggest that persistent ER stress provokes the expression of genes 214 
unassociated with the UPR.  215 
 216 
Common upstream motifs in the genes regulated by ER stress 217 
 218 
 To better understand the coordinate regulation of genes in various clusters, we analyzed 219 
the upstream regions of the coregulated genes for common sequence motifs using PromZea 220 
(http://128.196.172.219/index.html).  In the case of early expressed genes in clusters 27 and 9, 221 
such as the gene encoding cinnamoyl CoA reductase (Zm00001d051938), a common upstream 222 
motif was CAGCG, which corresponds to the core promoter element for UPRE genes, such as 223 
BiP, in yeast (Mori et al., 1992) (Fig. 4A).  However, as we show in a later section, the genes in 224 
clusters 27 and 9 are not prime targets for the major UPR TFs ZmbZIP60 or ZmbZIP17.  It is 225 
therefore not clear whether the CAGCG motif in these clusters is functional and if it is, what TFs 226 
might be involved.  For cluster 20, which contains many of canonical UPR genes, the major 227 
upstream motifs were CACG and GTCA (Fig. 4B), core sequences of the p-UPRE, the plant 228 
UPRE, (ATTGGTCCACGTCATC) (Oh et al., 2003; Iwata and Koizumi, 2005a; Tajima et al., 229 
2008).  The bulk of these promoter elements in genes such as those encoding stromal cell-230 
derived factor 2-like protein (Zm00001d050430), calnexin 1 (Zm00001d003857), protein 231 
disulfide isomerase-like 1-1 (Zm00001d049099), HSP90-7, ortholog of GRP94, SHEPHERD 232 
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(Zm00001d036401) and Sar 1 GTPase (Zm00001d049068) are located within 500 bp of the start 233 
of transcription (Supplemental File 1).  Likewise, for cluster 34, which contains additional 234 
canonical UPR genes, such as Bip3 (Zm00001d054043), the major upstream motif was also 235 
CACG, the core p-UPRE sequence (Fig. 4C).  For the genes in this cluster, encoding HSP70 236 
BIP2 (Zm00001d014993), a putative ER vesicle transporter (Zm00001d010639) and calreticulin 237 
3 (Zm00001d012170), the upstream region contains many p-UPRE core sequences 238 
(Supplemental File 1).   239 
 Other clusters were also enriched for recognized promoter elements such as CCGTGC, 240 
similar to a G-Box (Williams et al., 1992) in cluster 35, which includes genes such as Bax-1 241 
inhibitor (Zm00001d015091) that peak in expression at early-mid phase (around 24 h) (Fig. 4D). 242 
In cluster 11, GGATAA, a GATA box factor, was a common upstream motif for genes such as 243 
Expansin B2 (Zm00001d029907) peaking later in mid phase (around 36 h) (Fig. 4E) (Foster et 244 
al., 1994; Hudson and Quail, 2003).  In cluster 3, which also peaks at mid phase (around 36 h) 245 
and includes genes such as one encoding a lipid transfer protein gene (Zm00001d051938), 246 
CGTACG, a squamosa binding site core sequence, was a common upstream motif (Birkenbihl et 247 
al., 2005; Yamasaki et al., 2006; Liang et al., 2008) (Fig. 4F).  Given the enrichment of upstream 248 
elements in DEGs upregulated in particular phases, it is likely that transcription factors specific 249 
for these elements are active at the same time.   250 
 251 
Direct targets of Zmbzip60 and Zmbzip17 demonstrated through CHIP sequencing 252 
 253 
 As described in the introduction, the UPR signaling pathway in plants has two arms, the 254 
RNA splicing arm involving IRE1 and bZIP60 and another arm comprised of the membrane-255 
anchored TFs.  In Arabidopsis, there are three membrane-anchored TFs, AtbZIP17, AtbZIP28 256 
and AtbZIP49.  Two of these, AtbZIP17 and AtbZIP28 have been shown to be involved in stress 257 
responses in Arabidopsis (Howell, 2013).  A maize ortholog of AtbZIP17, called ZmbZIP91 258 
(Zm00001d007042) by Yang et al. (2013) is annotated in EnsemblPlants 259 
(http://plants.ensembl.org/index.html) as ZmbZIP17.  By sequence comparison, it is not clear 260 
whether the corresponding maize gene is more closely related to AtbZIP17 or AtbZIP28, 261 
nonetheless, we have referred to it Zmbzip17.  Yang et al. (2013) demonstrated (in an indirect 262 
way) that the gene responds to stress by showing that its protein product is processed in 263 
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transgenic Arabidopsis seedlings following treatment with TM.  They also demonstrated that a 264 
processed YFP-tagged form is nucleus localized when transiently expressed in agroinoculated N. 265 
benthamiana leaves. 266 
 To determine the direct transcriptional targets of ZmbZIP60 and ZmbZIP17, we 267 
introduced GFP-tagged forms of the TFs into maize mesophyll protoplasts (GFP-ZmbZIP60C 268 
and GFP-ZmbZIP17C) and conducted a ChIPseq analysis by immunoprecipitating chromatin 269 
with an anti-GFP antibody. The data obtained from the analysis were rank ordered with respect 270 
to peak score (-log10 q-value) and listed alongside a heat map showing the expression pattern of 271 
the gene (Fig. 5, Supplemental Data set 2).  As expected, most of the promoters enriched for 272 
ZmbZIP60 binding belong to UPR genes from clusters 20 and 34, which first peak in expression 273 
at early-mid phase (around 12 h) (Fig. 1).   274 
 Absent among the genes targeted by ZmbZIP60 was Zmbzip60 itself.  It has been posited 275 
that Arabidopsis bZIP60 autoregulates, largely based on the fact that AtbZIP60 has ER stress 276 
response element (ERSE) sequences in its promoter (Iwata and Koizumi, 2005a).  Zmbzip60 also 277 
has p-UPRE sequences in its promoter (Supplemental Fig. 7); however, in mesophyll 278 
protoplasts it does not appear to target its own promoter and regulate itself.  Instead, we found in 279 
the ChIPseq analysis that ZmbZIP17 targets the maize Zmbzip60 promoter (Fig. 5).  (The overall 280 
peak scores in the ZmbZIP17 analysis were lower because the expression level of GFP-281 
ZmbZIP17C was much lower than GFP-ZmbZIP60C.)  We cannot exclude that ZmbZIP60 282 
binds to its own promoter, because the binding may be too low for significant detection.  283 
Nonetheless, this result suggests that the mobilization of ZmbZIP17 by ER stress and its 284 
targeting to the nucleus regulates the expression of Zmbzip60 -- an interesting interplay between 285 
the two arms of the UPR signaling pathway. 286 
 287 
Promoter accessibility changes are observed during persistent ER stress  288 
 We were interested in whether the changes in gene expression in response to ER stress 289 
were accompanied by changes in the accessibility of chromatin to the transcriptional machinery. 290 
Open chromatin regions revealed by nuclease sensitivity have been associated with gene 291 
expression in maize (Vera et al., 2014; Rodgers-Melnick et al., 2016).  We used Assay for 292 
Transposase-Accessible Chromatin (ATACseq) to assess changes in chromatin “openness,” i.e., 293 
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accessibility to Tn5 transposase, during the course of ER stress treatment (Buenrostro et al., 294 
2015). Three early to early-mid phase time points were analyzed, 0, 6 and 12 h, during which 295 
there are profound changes in expression of the UPR genes (Supplemental Data set 3).   From the 296 
ATACseq analysis, we found that 2.4% of the genome was open at 0 time (in which openness is 297 
a summation of the width of the peaks identified by Max2), 1.7% at 6 h and 1.9% at 12 h.  These 298 
values are larger than those reported for maize as assessed by micrococcal nuclease sensitivity 299 
(>1%) (Rodgers-Melnick et al., 2016).  Nonetheless, both methods show that only a small 300 
portion of the genome is open.  The average length of the open regions assessed by ATACseq 301 
varied somewhat in accord with the percent of the genome that was open, and at 0 time was 213 302 
bp (Supplemental Fig. 8), at 6 h was 197 and at 12 h was 204 bp.   303 
To determine whether there are changes in gene expression corresponding to the opening 304 
of promoters during persistent ER stress, we plotted log2 fold change in promoter openness vs. 305 
log2 change in gene expression between 0 time and 6 h or 12 h (Supplemental Fig. 9).  306 
Surprisingly, there was almost no correlation between changes in gene expression throughout the 307 
genome and promoter openness (in which the promoters were defined as the region 1 kb 308 
upstream from the start of transcription).  Thus, the level of upregulation of genes in response to 309 
ER stress was not, in general, a good predictor of changes in promoter openness and vice versa   310 
However, there were important exceptions.  For example, in the contrast between 0 h and 6 h, the 311 
promoters of Saur33 (Zm00001d050093), Purine permease 3 (Zm00001d027978) and Cysteine 312 
oxidase 2 (Zm00001d039533) increased in openness, and the genes likewise increased in 313 
expression.  In the comparison between 0 h and 12 h, one of the most highly induced genes is a 314 
canonical UPR gene, Sar1 (Zm00001d049068).  The Sar1 promoter substantially increased in 315 
openness (log2FC=0.68) from 0 time to 12 h. Likewise, other canonical UPR genes that 316 
increased in gene expression from 0 h to 12 h increased in promoter openness.  In this regard, we 317 
point out the increase in promoter openness for Derlin-1 (Zm00001d010368, log2FC=0.238), 318 
Calnexin 1 (Zm00001d003857, log2FC=0.450) and Hsp90-7 (Zm00001d036401, 319 
log2FC=0.476), all of which are highly upregulated during the early-mid phase. 320 
We used JBrowse to inspect the ATACseq profiles of the promoters of the canonical 321 
UPR genes described above and focused on the upstream regions within 500 bp of the start of 322 
transcription, because most of the p-UPRE sequences are clustered in this region. For Sar1, there 323 
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was a huge increase in gene expression from 0 h to 12 h, and the ATACseq profile showed a 324 
progressive increase in promoter openness during that period (Fig. 6A).  For Hsp90-7, which 325 
was also highly upregulated, there was slight decline in openness from 0 h to 6 h, but then a 326 
substantial increase from 0 h to 12 h, corresponding to the time in which this gene was 327 
upregulated (Fig. 6B,D).  The same pattern holds for Derlin-1 and Calnexin 1, in which there 328 
was a slight decline in openness from 0 h to 6 h, but then a substantial opening at 12 h.  We 329 
conclude that in response to ER stress the expression of many genes rise and fall, but on a global 330 
scale these expression changes do not necessarily involve changes in promoter openness.  331 
However, for certain canonical UPR genes, the changes in gene expression are, indeed, 332 
correlated with opening of their promoters.  These genes are prime targets for investigating what 333 
possible chromatin modifications are responsible for the changes in promoter accessibility. 334 
 335 
Regulation of microRNAs during mid phase 336 
 337 
MicroRNAs (miRNAs) have emerged recently as key players in UPR signaling in 338 
mammalian cells (Maurel and Chevet, 2013), where there is evidence for their involvement in 339 
regulating gene expression during ER stress responses (Bartoszewska et al., 2013; Byrd and 340 
Brewer, 2013; Gupta et al., 2015). To determine whether they act similarly in maize seedlings, 341 
small RNAs were extracted and isolated at the same time points as in the RNAseq analysis. Five 342 
miRNAs belonging to three different families (miR169, miR529 and miR395) showed 343 
significant log2FC in at least one time point compared with time 0 h. Target genes of these 344 
differentially expressed miRNAs were forecast using the predicted mature miRNAs as query to 345 
search annotated maize cDNAs with psRNATarget (http://plantgrn.noble.org/psRNATarget/) 346 
(Dai et al., 2011). In addition, some targets of mRNAs were identified using data from the 347 
literature in which RLM-5ʹRACE was performed to verify the predicted targets and cleavage 348 
sites (Luan et al., 2014).  349 
Of particular interest was miR529, which targets squamosa promoter binding proteins 350 
(SBPs) in maize.  miR529 is annotated as the only member in its family in maize and is totally 351 
missing in core eudicots, such as Arabidopsis (Cuperus et al., 2011).  miR529 was expressed at 352 
low levels early in the time course but accumulated significantly during mid phase (around 36 h) 353 
of TM treatment (Fig. 7A). Members of the Sbp gene family [Sbp14 (Zm00001d020941), Sbp17  354 
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(Zm00001d052890)and -Sbp23 (Zm00001d006028)] displayed gene expression patterns late in 355 
the time course inversely correlated with the pattern for miR529 (Fig. 7B-D).  The SBP genes 356 
peaked in expression at early-mid phase (~24 h) and declined at mid phase (~36 h), at a time 357 
when the expression of miR529 peaks.  From this we posit that the decline in expression of the 358 
Sbp genes might be due to the rise in expression of miR529.  There is considerable precedence 359 
for this regulation pattern, as the interaction between these entities has been predicted 360 
computationally (Ling and Zhang, 2012), has been demonstrated through degradome analysis 361 
(Liu et al., 2014) and is best known in maize for repressing tasselsheath4 in inflorescences 362 
(Chuck et al., 2010).  The specific targets of SBP14, SBP17 and SBP23 are not known; however, 363 
the genes in cluster 3 have SBP binding sites as their most common upstream motif (Fig. 4F). 364 
Therefore, the timing in expression of some of the cluster 3 genes may be attributed to miR529 365 
control. 366 
In other systems, miR529 has been shown to be upregulated by stress. In Medicago 367 
truncatula, miR529 is upregulated by heavy metals (cadmium and mercury) and aluminum stress 368 
(Zhou et al., 2008) and in rice by oxidative stress (Yue et al., 2017).  Overexpression of miR529a 369 
in rice provides greater tolerance to oxidative stress while upregulation of one of its target genes 370 
weakens oxidative tolerance.  Hence, we consider the upregulation of miR529 in maize to be a 371 
likely stress response and a possible prosurvival factor. 372 
 373 
A wave of RNA processing during mid phase of ER stress 374 
We analyzed aspects of RNA processing to determine if some of the changing patterns of 375 
gene expression during the UPR could be attributed to alternative RNA splicing.  Alternative 376 
splicing was assessed by tallying RNA isoforms at the various time points (Supplemental Data 377 
set 4).  In doing so we found that there were unexpected differences in rates of global alternative 378 
splicing.  From 0-3 h, there were 2,706 alternative splicing events (~902 h
-1
) while from 3 to 6 h, 379 
the rates dropped to ~76 h
-1
.  The rates of such events rose progressively thereafter, reaching 380 
~980 events h
-1
 in mid phase (~24 h) and then dropping dramatically again (Supplemental Fig. 381 
10).  Thus, the rate of global alternative splicing started out high, dropped to a low after 382 
treatment only to surge again. 383 
The alternatively spliced transcripts for some of the canonical UPR genes were 384 
differentially expressed during the wave of global alternative splicing.  For example, four RNA 385 
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isoforms were differentially expressed for Bip2 (Zm00001d014993), among which two (T001, 386 
T003) showed an increase from 6-12 h and two others (T004 and T005) peaked around 24 h 387 
(Fig. 8A).  T001 and T003 were predicted to encode complete proteins comparable in size to 388 
mammalian GRP78 (such as GB: AF188611_1). Mammalian GRP78 has two domains, a 389 
nucleotide binding domain and a ligand (client protein) binding domain (Yang et al., 2015).  390 
T004 and T005 were shorter isoforms in which 7 and 2 exons, respectively, were missing.  The 391 
protein predicted to be translated from these RNAs corresponds to the C-terminal half of 392 
mammalian GRP78 that has the ligand binding domain, but lacks the N-terminal ATP binding 393 
site (Hughes et al., 2016).  If the shorter isoforms were translated, their protein products would 394 
not be functional because although both forms might bind ligand, they are not predicted to 395 
encode the binding site for the nucleotide that serves to open and close the lid on the binding 396 
pocket (Schmid et al., 1994; Szabo et al., 1994).  Other examples of differentially expressed 397 
RNA isoforms produced from canonical UPR genes were Protein disulfide isomerase like-1 398 
(PDIL-1, Zm00001d049099) and Calreticulin 1a (Zm00001d019283) (Fig. 8B,C).  Both of these 399 
genes showed RNA splicing patterns similar to Bip2, in that the RNA isoforms that first 400 
appeared were predicted to encode full-length proteins.   401 
We next explored whether these patterns of splicing pertained only to genes that encode 402 
ER-retained proteins. The RNA isoforms for Sucrose synthase 4 (Ss4, Zm00001d045042) and 403 
Alcohol dehydrogenase1 (Adh1, Zm00001d033931), both non-ER associated proteins, have 404 
differentially expressed isoforms (Supplemental Fig 11A,B).  Here again, the first isoforms 405 
produced in the time course were predicted to encode full-length proteins, while isoforms 406 
peaking later represented the skipping of exons encoding N-terminal regions of the protein.  407 
Alternative RNA splicing disrupts the frame of the coding regions of many RNA 408 
transcripts, and these aberrant RNAs may be degraded by nonsense-mediated degradation 409 
(NMD) (Chang et al., 2007) or accumulated as a pool of non-translated mRNAs.  Both 410 
processes could be of consequence to the fate of stressed cells; in mammalian systems NMD is 411 
thought to limit the UPR by destabilizing certain UPR mRNAs (Mendell et al., 2004; Gardner, 412 
2008; Karam et al., 2015).  Furthermore, the accumulation of non-translated mRNAs could lead 413 
to the formation of stress granules that sequester prodeath factors (Leung et al., 2006; Arimoto et 414 
al., 2008).  Stress granule formation in response to ER stress has been demonstrated in 415 
mammalian cells (Arimoto-Matsuzaki et al., 2016), but not yet in plants. 416 
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 417 
Changes in the metabolic landscape during the UPR 418 
 419 
Metabolic activities associated with the UPR were inferred from the gene expression data 420 
and analyzed by CornCyc (http://plantcyc.org/databases/corncyc/7.0) (Supplemental Data set 421 
5).  Of particular note was the enrichment starting during the early phase (~ 6 h) of genes in 422 
cluster 23 encoding enzymes for choline and phosphotidylcholine (Ptdcho) biosynthesis 423 
(Supplemental Fig. 12).  Ptdcho is the predominant phospholipid in mammalian (Lykidis and 424 
Jackowski, 2001) and plant (Donaldson and Beevers, 1977) ER membranes.  ER expansion 425 
occurs during the UPR in yeast (Schuck et al., 2009) and mammalian cells (Sriburi et al., 2004), 426 
although it is not known whether it occurs in the plant UPR. One of the genes involved in Ptdcho 427 
metabolism in cluster 23 encodes lipid phosphate phosphatase3 (LPP-3) for which phosphatidate 428 
is a major substrate (Brindley and Waggoner, 1998).  The dephosphorylation of phosphatidate 429 
allows for the subsequent production of phosphatidylcholine (Pierrugues et al., 2001), perhaps 430 
promoting the production of new ER membranes.   431 
Quite unexpected was the finding that the genes for palmitate biosynthesis are enriched in 432 
clusters 25 and 37 during the early-mid phase (Supplemental Fig. 12).  Palmitate as a free fatty 433 
acid is a well-known inducer of the UPR in mammalian cells (Jiang et al., 2010; Lu et al., 2012; 434 
Cho et al., 2013).  Palmitate treatment affects ER structure and integrity in Chinese hamster 435 
ovary cells (Borradaile et al., 2006), causes dilation of ER membranes in hepatic cells (Leamy et 436 
al., 2014) and induces apoptosis in rat primary preadipocytes (Guo et al., 2007).  Palmitate 437 
induces the production of reactive oxygen species (ROS), which leads to ER stress in a number 438 
of different mammalian cell types (Ly et al., 2017). If palmitate were to accumulate in free fatty 439 
acid form in maize, then it may also activate ER stress by interacting with the transmembrane 440 
domains of the ER stress transducers (Volmer et al., 2013).  In any case, it is intriguing that ER 441 
stress upregulates genes encoding enzymes that lead to the production of metabolites that might 442 
further intensify the UPR. 443 
 444 
The induction of autophagy by ER stress 445 
 446 
  15 
ER stress is known to induce macroautophagy in plants (Liu et al., 2012).  447 
Macroautophagy, hereafter referred to simply as autophagy, conducts the turnover of cellular 448 
materials, which upon ER stress includes components of the ER (Liu et al., 2012).  Autophagy 449 
involves the formation of autophagosomes, double membrane-bound vesicles that deliver 450 
engulfed materials to the vacuole for degradation (Liu and Bassham, 2012). It is most commonly 451 
a cell survival response, turning over cellular materials damaged by stress, but it also can be 452 
considered as a cell death response in the face of persistent stress (Minina et al., 2014).  Many of 453 
the steps in the induction of autophagy are post-translational (He and Klionsky, 2009), and we 454 
have found very little evidence for significant transcriptional changes during ER stress in the 455 
genes encoding the core components of the autophagy machinery (Supplemental Data set 1). 456 
One of the critical post-translational steps in the induction of autophagy is the 457 
conjugation of a lipid, phosphatidylethanolamine (PE), to AUTOPHAGY-RELATED8 (ATG8).  458 
ATG8 is activated by an ATP-dependent E1-like activating enzyme, ATG7, and then transferred 459 
to an E2 conjugating enzyme, ATG3.  The ligase activity, an ATG12-ATG5 conjugate 460 
complexed with ATG16, attaches ATG8 to PE, with the resulting adduct decorating the growing 461 
phagophore. The incorporation of the ATG8-adduct onto the developing phagophore aids in 462 
recruiting cargo, closing the phagophore vesicle and delivering the resulting autophagosome to 463 
the vacuole (Li and Vierstra, 2012).  Thus, lipidation of ATG8, and in particular the ratio of 464 
lipidated to non-lipidated forms, can be used as a proxy to assess autophagosome formation, as it 465 
has been used extensively in other investigations (Ichimura et al., 2000; Chung et al., 2009).  466 
Another critical step in the induction of autophagy by ER stress concerns the post-transcriptional 467 
role of ZmIRE1.  In Arabidopsis, AtIRE1b activity is required for autophagy to be activated 468 
during ER stress, and AtIRE1b’s role appears to depend upon its RIDD function (Bao et al., in 469 
press).  RIDD is thought to degrade RNA transcripts encoding factors that interfere with 470 
autophagosome formation or stabilization. 471 
ATG8 lipidation was monitored by separating lipidated forms of ATG8 from non-472 
lipidated forms by gel electrophoresis in the presence of urea.  We found that ATG8 lipidation 473 
and, thus, the induction of autophagy occurred early, between 3 to 6 h, and continued to rise 474 
thereafter (Fig. 9A,B).  The rise in levels of the ATG8-PE conjugate during the early phase of 475 
the response corresponded to the fall in peroxidase gene expression, both of which may be 476 
outputs of ZmIRE1’s RIDD activity.  The continued rise in ATG8-PE throughout the ER stress 477 
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time course suggests that under persistent stress, autophagy may ultimately contribute to cell 478 
death. 479 
 480 
Pro-survival and cell death gene expression during persistent ER stress 481 
 482 
In mammalian cells, the IRE1-XBP1 pathway contributes to cell survival during ER 483 
stress and its decline in expression is associated with the onset of cell death (Lin et al., 2007).  484 
The activity of the comparable pathway in maize, ZmIRE1-ZmbZIP60, is represented by the 485 
abundance of the spliced form of Zmbzip60 mRNA.  Those levels near a peak in the early-mid 486 
phase (~12 h), are maintained through mid phase and then fall at 48 h, indicating that the cell 487 
survival activity of ZmIRE1 begins to wane toward the end of the time course (Supplemental 488 
Fig. 5).  Another gene expression event of relevance to cell survival under persistent stress is the 489 
upregulation of Bax inhibitor1 (Bi-1), peaking at 24 h (Fig. 3J).  There have been many studies 490 
to show that BI-1 is a modulator of cell death in plants and animals (see review (Ishikawa et al., 491 
2011)), so it may be contributing to cell survival during that time frame. Another pro-survival 492 
factor peaking around 24 h is Bcl-2 associated athanogene7 (Bag7, Zm00001d045596) described 493 
by Williams et al. (2010) as being an ER localized protein in Arabidopsis (Fig. 3K).  They found 494 
that null atbag7 mutants were hypersensitive to ER stress induced by TM or heat, which resulted 495 
in accelerated cell death.  When analyzing the expression patterns for both Bi-1 and Bag7, it is 496 
significant that their expression levels decline toward the end of the time course at a time when 497 
maize seedling root cells begin to undergo cell death, as demonstrated by the breakdown in 498 
Evans blue exclusion from epidermal cells (Fig. 9C,D). 499 
A gene expression pattern of possible significance to programmed cell death is that of 500 
Papain-like cysteine protease (Zm00001d007049), which rises toward the end of the time course 501 
(Fig. 3L). This gene is most closely related in sequence to an Arabidopsis gene encoding the 502 
protease CEP1, a key executioner protease associated with programmed cell death in tapetal cells 503 
(Zhang et al., 2014).  A caveat is that Arabidopsis CEP1 is an ER-localized protein with a 504 
predicted signal peptide and KDEL sequence, while the predicted maize protease is not.  505 
Cysteine proteases have been associated with programmed cell death in various plant tissues; 506 
however, their role in that process is not known (Solomon et al., 1999; Trobacher et al., 2006; 507 
Zhang et al., 2014).   508 
  17 
 509 
DISCUSSION 510 
 511 
The UPR is a highly conserved proteostatic response that protects plants from the 512 
potentially toxic effects of misfolded proteins in the ER. The UPR occurs in response to adverse 513 
environmental conditions, such as heat stress and in response to certain plant pathogens (Bao and 514 
Howell, 2017). In this study, we have induced the UPR by treating maize seedlings with the ER 515 
stress agent TM and followed the events that unfold during persistent stress at greater depth, 516 
resolution and duration than in other studies.  In general, the UPR can be viewed as a multiphasic 517 
process starting with an adaptive or pro-survival phase that transitions, with persistent stress, into 518 
a pro-cell death phase (Fig. 10) (Chen and Brandizzi, 2013).  519 
One of the first events we observed in maize roots treated with TM is a dramatic 520 
downregulation in expression of various members of the peroxidase gene family.  The 521 
peroxidase genes are downregulated by RIDD, the promiscuous ribonuclease activity of IRE1, 522 
which attacks the mRNAs of proteins being translated by ribosomes on the ER (Hollien and 523 
Weissman, 2006).  Our results with the Ire1 Inhibitor III (4µ8c), an inhibitor of IRE1’s nuclease 524 
activity, directly implicate RIDD as the mechanism for peroxidase transcript degradation.  We do 525 
not have evidence for alternatives, such as the involvement of microRNAs, although the 526 
peroxidase genes are microRNA targets.  However, the microRNAs targeting these genes are not 527 
differentially expressed during the course of persistent stress.  528 
The RIDD activity of ZmIRE1 early after stress treatment was quite unexpected because 529 
RIDD in other systems is thought to be proportional to the intensity and duration of ER stress 530 
(Maurel et al., 2014).  In our case, RIDD takes effect starting with the adaptative phase of the 531 
UPR.  Whether RIDD continues or is reactivated during the course of treatment is not clear, so 532 
we cannot eliminate the possiblity that RIDD also functions during the later stages of the UPR 533 
and is somehow involved in cell death.  We have shown in other studies with Arabidopsis that 534 
RIDD mediated by AtIRE1b enables autophagy apparently by degrading the mRNAs encoding 535 
factors that interfere with ER stress induced autophagy (Bao et al., in press).  Thus, in maize, 536 
RIDD likely renders cells competent to respond to signals inducing autophagy in response to ER 537 
stress. 538 
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The down regulation of peroxidase genes likely has serious biological consequences. The 539 
ten down-regulated peroxidase genes in cluster 30 and 9 are predicted to encode class III 540 
peroxidases, secreted proteins bearing a signal pepetide. Class III peroxidases in plants are 541 
encoded by large multigene families (Cosio and Dunand, 2009) and by one estimate there are 542 
119 class III peroxidase genes in maize (Wang et al., 2015).  Plant class III peroxidases are cell 543 
wall peroxidases involved in a variety of cellular functions, such as lignification, cell elongation 544 
and stress defense (Shigeto and Tsutsumi, 2016).  The latter may be most relevant to the ER 545 
stress responses because cell wall peroxidases in combination with respiratory burst oxidases 546 
(RBOHs) are involved in apoplastic reactive oxygen species (ROS) production in plants 547 
(Bindschedler et al., 2006; Davies et al., 2006). It has been reported that TM-induced ER stress 548 
enhances ROS production in Arabidopsis, which has been attributed to increased respiratory 549 
burst oxidase homolog (RBOH) activity or production (Ozgur et al., 2014).  ROS production 550 
plays a key role in stress signaling (Baxter et al., 2014; Sewelam et al., 2016; Choudhury et al., 551 
2017; Qi et al., 2017), and so the downregulation of the class III peroxidase genes observed in 552 
our study suggests that this is a prosurvival mechanism to prevent the propagation of ER stress 553 
signals (Zandalinas and Mittler, 2017).  In mammalian cells it is said that ER stress and ROS 554 
production are in a “vicious cycle” inducing each other (Malhotra and Kaufman, 2007).  The 555 
situation in plants may be similar to animals (Ozgur et al., 2018), but that will deserve further 556 
testing.  557 
Following the downregulation of the peroxidase genes is the coordinate upregulation of 558 
the canonical UPR genes.  These genes are the molecular signature of the UPR and encode 559 
proteins of the protein folding machinery such as chaperones, components of the ER protein 560 
import and export systems and proteins involved in ER quality control. The coordinate 561 
upregulation of the UPR genes is consistent with the finding from the CHIP analysis that many 562 
of them are the direct targets of one of the primary UPR signal transducers ZmbZIP60.  The 563 
activation of ZmbZIP60, like the degradation of the peroxidase RNAs, is brought about by the 564 
RNase activity of ZmIRE1. However, the RNase activity of ZmIRE1 leads to its splicing of 565 
Zmbzip60 mRNA and not to its degradation.  ZmbZIP17 (Zm00001d007042) is a membrane-566 
anchored transcription factor, homologous to AtbZIP17 and AtbZIP28 in Arabidopsis, and is 567 
proteolytically processed like its Arabidopsis counterparts in response to TM treatment of maize 568 
seedlings (Yang et al., 2013). We found through the CHIPseq analysis that ZmbZIP17 plays a 569 
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role in modulating the UPR by targeting Zmbzip60.  This is an interesting example of how the 570 
two signaling arms of the UPR may interact with each other. 571 
Clusters 20 and 34 contain many of the canonical UPR genes, and prominent in the 572 
upstream regions of these genes are p-UPREs, targets for ZmbZIP60 and the other bZIP UPR 573 
transcription factors (Oh et al., 2003; Iwata and Koizumi, 2005a; Tajima et al., 2008).  The many 574 
p-UPREs in the immediate upstream region of the cluster 20 genes, such as Stromal cell-derived 575 
factor 2-like protein, Calnexin 1, Protein disulfide isomerase-like 1-1, Hsp90-7, Shepherd and 576 
Sar1 give substance as to why these genes are ZmbZIP60 targets (Supplemental File 1).   These 577 
findings argue that the surge in UPR gene expression at 6 to 12 h after the initiation of TM 578 
treatment is transcriptional due to the production of the spliced form of Zmbzip60 mRNA and/or 579 
the proteolytic processed form of ZmbZIP17 and that these activated transcription factors drive 580 
the upregulation of the UPR genes.  It is surprising to see a delay after TM treatment in the 581 
upsurge in these genes.  If the degradation of the peroxidase genes is, in fact, due to RIDD, then 582 
ZmIRE1 must be activated rapidly after the start of TM treatment.  Some other steps such as 583 
chromatin modification may rate limit the upregulation of the UPR genes. Following treatment 584 
of Arabidopsis seedlings with TM, Song et al (2015) reported histone methylation in the 585 
promoters of several canonical UPR genes. The transcription of these genes is mediated by 586 
AtbZIP28 and/or AtbZIP60, which recruit a COMPASS-like complex and histone 587 
methyltransferase leading to H3K4 trimethylation of the promoters.  H3K4 trimethylation is 588 
associated with a reduction in chromatin condensation and greater chromatin “openness.”   589 
In response to ER stress, we observed global changes in chromatin openness as assessed 590 
by TN5 accessibility and changes in openness of gene promoters.  It was a surprise to find that 591 
on a global scale there was little correlation between changes in promoter openness and changes 592 
in gene expression.   Maher et al. (2017) observed enrichment in Tn5 accessibility in cell-type 593 
specific genes during Arabidopsis development; however, they were concerned with changes in 594 
chromatin accessibility over the course of plant development, while we were looking for changes 595 
within 6 or 12 h after stress treatment. Nonetheless, for some critical UPR genes, such as that 596 
encoding the SAR1 GTPase, we observed substantial changes in chromatin accessibility at the 597 
time when these genes were upregulated.  It is not clear whether the opening of promoters allows 598 
for greater transcription factor accessibility or whether opening is the result of greater 599 
transcriptional activity. Nonetheless, the chromatin accessibility changes will likely leave a 600 
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footprint of stress response activity on some of the UPR genes in the plant genome and perhaps 601 
serve to prime expression for subsequent bouts of stress. 602 
We also observed a wave of RNA processing, most of which appears to be alternative 603 
RNA splicing events peaking at around 24 h. What motivated these changes is not known, 604 
because the genes annotated as arginine/serine-rich proteins involved in modulating alternative 605 
splicing (Duque, 2011) were not differentially regulated in our experiments.  An unexpected 606 
consequence of alternative splicing was the appearance of apparently non-functional RNA 607 
isoforms.  The RNA isoforms that appear early in the induction of the UPR genes are predicted 608 
to encode full-length proteins.  With the global wave of RNA splicing, aberrant RNA isoforms 609 
appeared, many encoding truncated proteins.  Despite the fact that these transcripts appear to be 610 
non-functional, there is a curious possibility that they may have prosurvival value. Such 611 
transcripts may contribute to a slowdown in translation. In response to ER stress in 612 
mammalian cells, translation is slowed by the phosphorylation and inactivation of the 613 
eiF2translation initiation factor via a protein kinase R (PKR)-like endoplasmic 614 
reticulum kinase (PERK) (Harding et al., 1999). In Arabidopsis eiF2 is phosphorylated in 615 
response to ER stress, but in a manner that is dependent on GENERAL CONTROL 616 
NONDEREPRESSIBLE 2 (GCN2) (Zhang et al., 2008a).  An attenuation in translation initiation 617 
in response to ER stress has yet to be shown in plants; however, a slowdown in response to 618 
hypoxia has been reported in Arabidopsis through the analysis of polyribosome profiles in 619 
hypoxic seedlings (Branco-Price et al., 2008).  As a result of the slowdown in translation 620 
initiation brought about by ER stress in mammalian cells, non-translated mRNAs accumulate in 621 
stress granules (SGs), transient cytoplasmic bodies containing stalled preinitiation complexes 622 
(Anderson and Kedersha, 2002; Kedersha and Anderson, 2007).  SGs also sequester argonaute 623 
proteins (Leung et al., 2006) and several apoptosis regulatory factors, thereby inhibiting 624 
stress-induced cell death signaling in mammalian cells (Arimoto et al., 2008).  SGs are 625 
produced in response to heat stress in Arabidopsis (Gutierrez-Beltran et al., 2015), an 626 
environmental condition that also induces ER stress (Deng et al., 2011).  Therefore, it is 627 
possible that the non-functional transcripts produced in response to TM treatment in our 628 
studies might accumulate in stress granules that also sequester and inactivate factors that 629 
could promote cell death.   630 
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Another process that could be called into play by the wave of alternative RNA splicing 631 
and could contribute to the transition between cell survival and cell death is nonsense-632 
mediated RNA decay (NMD) (Chang et al., 2007).  Rampant RNA splicing leads to the 633 
production of aberrant transcripts with premature stop codons, which can elicit NMD (Hori 634 
and Watanabe, 2005).  NMD and the UPR are reported to antagonize each other in 635 
mammalian cells (Goetz and Wilkinson, 2017) and NMD is thought to limit and shape the 636 
UPR by destabilizing certain UPR mRNAs (Mendell et al., 2004; Gardner, 2008; Karam et al., 637 
2015).  However, under strong induction conditions, such as those used in our experiments in 638 
maize, suppression of the UPR by NMD is relieved -- the rationale being that the UPR, in 639 
turn, suppresses NMD (Goetz and Wilkinson, 2017). The mechanism by which this occurs is 640 
indirect, but again involves the phosphorylation of eiF2and possible slowdown in translation.  641 
The NMD depends upon encountering in-frame stop codons in translation (Carter et al., 1995), 642 
and, therefore, a slowdown in translation would limit NMD.  Thus, a potential balance between 643 
NMD and the UPR during persistent ER stress in maize would have ramifications as to whether 644 
the UPR leads to cell survival or cell death. 645 
The attenuation of ZmIRE1 activity in maize and the decline in expression of the UPR 646 
genes following their peak in expression is also of probable importance to the transition between 647 
adaptive events and programmed cell death. In mammalian cells, IRE1 contributes to cell 648 
survival during ER stress and its decline in activity is associated with cell death (Lin et al., 649 
2007).  Thus, there is much interest in the attenuation of IRE1 activity, and two very different 650 
mechanisms have been proposed in mammalian cells for the decline.  Sundaram et al. (2017) 651 
argued that during persistent ER stress the association of IRE1 with the Sec61 translocon rapidly 652 
attenuates IRE1a.  They based their observations on two ire1a mutants, one with weak Sec61 653 
interaction that attenuates slowly and one with strong interaction with Sec61 that attenuates more 654 
rapidly.  On the other hand, Amin-Wetzel et al. (2017) evoked a model for the regulation of 655 
IRE1 activity similar to the control of heat shock transcription factors.  They posit that the 656 
cochaperone ERdJ4, acts as an IRE1 repressor by forming a complex with IRE1, which recruits 657 
BiP and inactivates IRE1 by maintaining it in monomeric form.  In response to ER stress, BiP is 658 
spirited away by the presence of misfolded proteins, activating IRE1 by allowing it to dimerize.  659 
Maize does not have an obvious ERdJ4 homolog; however, the expression of most of the DNAJ 660 
proteins do decline toward the end of the time course. 661 
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Also, possibly related to the prosurvival/prodeath transition is the upregulation of Bax 662 
inhibitor1 (Bi-1), peaking at 24 h.  There have been many studies to show that BI-1 is suppressor 663 
of cell death in plants and animals (see review (Ishikawa et al., 2011)). BI-1 from Arabidopsis 664 
and rice was first shown to block Bax-induced cell death in yeast and also to partially block 665 
oxidative and heat shock cell death (Chae HJ, 2003).  In Arabidopsis, the overexpression of BI-1 666 
was found to increase the tolerance of seedlings to TM, while knockouts were hypersensitive to 667 
TM and rapidly underwent programmed cell death (Watanabe and Lam, 2008).   668 
By contrast, other studies suggest that BI-1 promotes, not suppresses, cell death.  In 669 
yeast, for example, the Bax1 inhibitor (Bxi1p) links UPR to cell death, which was demonstrated 670 
by deleting BXI1 thereby reducing the calcium signaling response involved in the induction of 671 
cell death (Cebulski J, 2011).  In a recent report, Xu et al (2017) linked BI-1’s role in 672 
programmed cell death to autophagy and concluded that it could go both ways – that BI-1 can 673 
either promote or suppress cell death depending on context.  They contend that plant BI-1 674 
promotes autophagy through its interaction with ATG6, a factor that is part of a 675 
phosphatidylinositol 3-kinase (PtdIns3K) complex involved in vesicle nucleation during 676 
autophagosome formation.  Xu et al. (2017) silenced BI-1 in Nicotiana benthamiana using VIGS 677 
and found that it reduced autophagy induced by N gene-mediated resistance to TMV and by 678 
methyl viologen.  When they overexpressed BI-1 in N. benthamiana, they observed autophagy 679 
and cell death, as assessed by dye exclusion.  They attributed cell death to autophagy because 680 
BI-1 mediated cell death was compromised in leaves in which ATG6, ATG7 or PI3K were 681 
silenced (Xu et al., 2017).  In our analysis, the expression patterns for both Bi-1 and Bag7 peaked 682 
at 24 h, suggesting that these genes may be responsible for the enhancement of autophagy in 683 
advance of cell death.  The question arises whether these genes are playing a pro-survival or pro-684 
death role at this time and whether either or both ultimately contribute to UPR-related cell death.  685 
In our studies, autophagy as assessed by ATG8 lipidation was induced early in response to ER 686 
stress, between 3 to 6 h after TM treatment, and continued to rise thereafter.  Because autophagy 687 
appeared to be active almost throughout the course of persistent stress, it is possible that its role 688 
changes during that time.  Autophagy might play a role in cell survival at first and then, with 689 
time, contribute to cell death.  These interesting questions can be pursued with the use of mutants 690 
that block the induction of autophagy. 691 
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We conclude that under persistent ER stress, the UPR is a multiphasic process 692 
progressing from activities that confer adaptation to those that promote cell death (Fig. 10). A 693 
key event in this progression is the activation of ZmIRE1, RIDD and the upregulation of 694 
canonical UPR genes that help to mitigate stress damage and that protect from further stress. 695 
Following the upsurge in canonical UPR genes is the upregulation in survival-modulating genes, 696 
such as BI-1 and BAG7.  Their expression dwindles with the onset in expression of a cysteine 697 
protease, known in other systems as an executioner in cell death.  During this period of stress 698 
there occurs an interplay of gene expression changes with other cellular events such as the 699 
induction of autophagy and metabolic changes.   700 
 701 
METHODS 702 
 703 
Plant material 704 
 705 
Maize B73 seeds were sterilized with 50% bleach for 20 minutes followed by washing 706 
four times with sterile water. The seeds were placed in autoclaved Sigma bottles (Cat No V8630-707 
E100) with two layers of wet Whatman filter paper No 1 (https://www.sigmaaldrich.com/.) The 708 
seeds were kept at 30°C for two days to facilitate germination. Thereafter, the seeds were 709 
transferred to an illuminated incubator at 23°C for 7 days with a light intensity of 70 moles 710 
m
-2
s
-1
 delivered by 17 watt GE Ecolux w/starcoat fluorescent bulbs. 
 
For the time course analysis 711 
seedlings were treated with 5 g ml-1 TM in DMSO for 0, 3, 6, 12, 24, 36, and 48 h. A 48-h 712 
mock-treated sample was included.  The seedlings were tested for cell viability by dye exclusion.  713 
TM-treated seedlings were immersed in 0.5 mg ml
-1
 Evans blue dye solution. After 30 minutes in 714 
the dye, the seedlings were washed with water three times for 5 min each. The roots were cut off 715 
and observed under the microscope. 716 
Leaf mesophyll protoplasts were prepared as described by Sheen et al. 717 
(http://molbio.mgh.harvard.edu/sheenweb/protocols_reg.html.)  RNA for RT-PCR analysis was 718 
extracted using an RNeasy Plant Mini Kit (QIAGEN, Cat. No. 74904). Quality and quantity of 719 
RNA was assessed using a Nano drop1000 (Thermal Scientific, USA). Synthesis of the first-720 
strand cDNA was performed with the iScript™ cDNA Synthesis Kit (BioRad, USA). RT-PCR 721 
was performed using primers listed in Supplemental Table 2.
 
722 
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 723 
RNAseq analysis 724 
 725 
RNA was extracted from the roots of the TM-treated seedlings on three separate 726 
occasions to constitute three biological reps, and the samples were split to obtain two technical 727 
replicates for each biological replicate. Roots were harvested and flash frozen in liquid nitrogen 728 
for further processing.  RNA was extracted using the mirVANA
TM
 miRNA isolation kit from 729 
Invitrogen (Thermo Fisher Scientific) and analyzed for quantity and quality on an Agilent 2100 730 
BioAnalyzer (http://www.agilent.com). Half the extracted RNA from each sample was used for 731 
RNAseq library construction and the other half for small RNA sequencing.  A RNA ladder 732 
ranging from 25–4000 nucleotides was used to identify mRNA and small RNA fractions in the 733 
samples. Bar code adapters were randomized in the second rep to reduce any systemic errors 734 
associated with the adaptors.  Complementary DNA libraries were generated from the RNA 735 
samples and subjected to DNA sequencing (150 bp, paired end) on an Illumina Hiseq 3000 736 
analyzer (http://www.illumina.com/). 737 
Raw reads were aligned to maize genome v4 using STAR (Dobin et al., 2013), and 738 
transcript abundances were measured using featureCounts (Liao et al., 2014).  Read counts were 739 
normalized using the TMM method (Robinson and Oshlack, (2010), and differential gene 740 
expression was assessed using generalized linear models based on negative binomial distribution 741 
with the R package edgeR (Robinson et al., 2010; McCarthy et al., 2012). The FDR was 742 
controlled using the method of Benjamini and Hochberg (1995). The raw data and gene read 743 
counts have been deposited in the Gene Expression Omnibus database under record number 744 
GSE111251 745 
 746 
Identification of common upstream sequence motifs 747 
 748 
PromZea (www.promzea.org) was used to identify common upstream sequence motifs 749 
for the various genes (Liseron-Monfils et al., 2013).  The online service compares the frequency 750 
of each motif 500 bp upstream of input genes with the frequency of upstream motif of other 751 
genes. Promzea also computes the mean normalized conditional probability (MNCP) for each 752 
motif (Clarke and Granek, 2003), which is the frequency of a motif in the input data set with its 753 
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frequency in the upstream regions of 5000 genes randomly selected from the maize filtered gene 754 
set.  755 
 756 
ChIP sequencing analysis 757 
 758 
The cDNAs from activated forms of Zmbzip60 (Zm00001d046718) and Zmbzip17 759 
(Zm00001d007042) mRNA were synthesized from RNA isolated from TM-treated seedlings. 760 
The regions of the cDNAs upstream from those encoding the transmembrane domains of 761 
ZmbZIP60 and ZmbZIP17 were cloned into the Gateway vector pCSVMV_GW (Pruneda-Paz et 762 
al., 2014). The vector was modified to encode GFP at the N-terminus of the insert thereby 763 
generating GFP-b60 and GFP-b17 fusions using primer sets Zm60CHIP and Zm17CHIP. The 764 
GFP vector alone was used as negative control. All the three constructs were confirmed by 765 
sequencing and purified by GenElute High Performance (HP) Plasmid Maxiprep Kit (NA-0310 766 
Sigma). 767 
Leaves from 10-day-old B73 seedlings were harvested and incubated for at least 3 h in 768 
the enzyme solution. Mesophyll protoplasts were transfected with GFP-b60, GFP-b17 and GFP 769 
DNA and checked for expression after 24 h by fluorescence microscopy and immunoblots using 770 
the GFP antibody (A11122 Invitrogen from Thermo Scientific). 771 
The transfected protoplasts were fixed using 1% formaldehyde, quenched with 134 mM 772 
glycine and kept frozen at -80
0
C. Three replicates were processed for ChIP analysis performed 773 
based on Lee et al. (2017) and Lau and Bergman (2015).  In brief, nuclei were isolated from the 774 
frozen protoplasts and chromatin was fragmented ranging from 100-600 bp using a Covaris® 775 
ME220 Focused-ultrasonicator™.  GFP tagged ZmbZIP60 and ZmbZIP17 were 776 
immunoprecipitated with anti-GFP antibody (Thermo Fisher Scientific, Cat. #  A11122). DNA 777 
was eluted, reversibly crosslinked and quantified using a Qubit R2 Fluorometer.  Illumina 778 
TruSeq libraries were constructed according to manufacturer’s instructions and 150-cycle HiSEQ 779 
3000 High Output ChIP sequencing was carried out. 780 
Eight of the nine samples were considered for ChIP-Seq analysis. One sample was 781 
dropped due to poor read quality. Short read sequences were trimmed using Trimmomatic 782 
version 0.36 (Bolger et al., 2014).  Raw reads were aligned to maize genome version 4 using 783 
bwa-mem (Li, H., 2013). The BAM files were merged for each condition, and peaks were called 784 
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using the MACS2 program (Zhang et al., 2008b).  Peak intersection with upstream promoter 785 
regions was computed using Bedtools (Quinlan and Hall, 2010).  The raw data and gene read 786 
counts have been deposited in the Gene Expression Omnibus database under record number 787 
GSE111251 . 788 
 789 
ATACseq analysis 790 
 791 
 For nuclear isolation, flash frozen maize root samples (0.2 g) were ground in a mortar 792 
with liquid nitrogen.  The powder was suspended in the lysis buffer (20 mM Tris-HCl (7.5), 40% 793 
glycerol, 50 mM EDTA, 0.1 mM Spermine, 0.15 mM Spermidine, 1 mM DTT, 1% TritonX-100 794 
(V/V)) (Zhang et al., 2012) and filtered sequentially through 100 and 40 μm nylon mesh.  A 795 
crude nuclear pellet was obtained by centrifuging at 1,000g at 4 °C for 10 min and washed with 796 
lysis buffer once and then washed with washing buffer twice (50 mM Tris-HCl (pH 7.5), 320 797 
mM sucrose, 4 mM MgCl2, 1 mM CaCl2). The pellet was resuspended in nuclear resuspension 798 
buffer (50 mM Tris-HCl (7.5), 320 mM sucrose, 4 mM MgCl2, 1 mM CaCl2) and centrifuged 799 
twice more at 1,000 g for 10 min (4°C).  Nuclei were further purified on Percoll gradients 800 
centrifuged at 2,000g for 30 min (4°C).  Transposition reactions and purification steps were 801 
followed using a standard ATAC-seq protocol (Buenrostro et al., 2015). Briefly, the isolated 802 
nuclei were resuspended in transposition mix containing Tn5 transposase from a Nextera DNA 803 
sample kit (Illumina, cat# FC-121-1030, San Diego).  The reaction mixture was incubated for 30 804 
min (37°C) and the tagged product was purified using a Qiagen MinElute PCR Purification Kit 805 
(Qiagen, cat#28004, German). The DNA was eluted with 10 mM Tris-HCl (pH 8.0) and PCR 806 
amplified using customized Nextera PCR primers and NEBNext High-Fidelity 2x PCR Master 807 
Mix (New England Labs, Cat #M0541, UK). To reduce GC and size bias, the PCR reaction was 808 
monitored using qPCR to stop amplification prior to saturation. Libraries were sequenced on an 809 
Illumina HiSeq 3000 instrument in a 150-cycle pair end mode at the DNA facility of Iowa State 810 
University.  811 
For data analysis, short read sequences were trimmed using cutadapt version 812 
1.11 (Martin, 2011) to remove Nextera transposase adapters. The processed reads were then 813 
aligned to maize genome version 4 using Bowtie 2 version 2.2.6 (Langmead and Salzberg, 814 
2012).  93.7% of reads mapped to the nuclear genome; the remaining 5.4% and 0.9% of reads 815 
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mapped to the mitochondrial and chloroplast genomes, respectively, and were filtered out. Only 816 
mapped reads with MAPQ >=10, were considered for downstream analysis. Peaks were called 817 
for each replicate at every time point using MACS2 (Zhang et al., 2008b).  After removing PCR 818 
duplicates using the macs2 filterdup argument, peaks were called using macs2 819 
callpeak argument for each replicate using a local lambda to correct for noise with the following 820 
parameters --nomodel -q 0.05 --nomodel --shift 0 --extsize 73.  Subsequently, the output 821 
bedgraph files were converted to the UCSC bigwig format and peak scores over a 1 kb upstream 822 
region of each gene from the GFF file downloaded from: 823 
 ftp://ftp.ensemblgenomes.org/pub/release-38/plants/gff3/zea_mays. Differential peak scores 824 
representing changes in promoter openness for 6 h vs 0 h and 12 h vs 0 h were then calculated 825 
using DESeq2 (Love et al., 2014). 826 
 827 
Small RNA analysis 828 
 829 
Small RNA libraries were sequenced using Illumina HiSeq 2500 High Output flow cell 830 
(v4) Sequencer. A total of 155,029,356 distinct reads were obtained from the libraries after 831 
removing the low-quality reads and adaptor sequences. The clean reads were aligned to the 832 
maize genome. Unique reads that matched known plant structural RNAs (rRNAs, tRNAs, 833 
snRNAs, and snoRNAs) were removed from further consideration. A total of 49,099,262 834 
sequences matched perfectly to the B73 genome (B73 RefGen_v3; Release 5b+ in June, 2013) 835 
representing 78.0% to 86.5% of total reads, which indicated that the libraries were relatively 836 
intact. Candidate mature miRNAs were classified into miRNA families based on their similarity 837 
to known plant miRNAs in miRBase (http://www.mirbase.org/) (Release 21) (Griffiths-Jones et 838 
al., 2008). All 172 annotated miRNAs were identified in the analysis. Differential gene 839 
expression analysis based on the negative binomial distribution (Love et al., 2014) was 840 
performed to highlight those miRNAs that are differentially regulated in response to TM 841 
treatment. 842 
 843 
Alternative splicing analysis 844 
 845 
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Short read sequences were aligned to maize genome version 4 using GSNAP software 846 
(Wu and Nacu, 2010).  Differential exon usage was computed using a DEXSeq package (Anders 847 
et al., 2012). Python scripts ‘dexseq_prepare_annotation.py’ and ‘dexseq_count.py’, part of the 848 
DEXSeq package, were used to generate a flattened maize gene model file with collapsed exon 849 
counting bins and to count the number of reads that overlap with each of the exon counting bin. 850 
For alternative splicing analysis, each sample was compared to the sample extracted from next 851 
immediate time point i.e. 3 h and 6 h, 6 h and 12 h, 12 h and 24 h, etc. 852 
 853 
Autophagy 854 
 855 
 Roots were harvested and immediately frozen in liquid nitrogen. ATG8 lipidation was 856 
measured as in Chung et al. (2009) with minor modifications. Roots were ground in liquid 857 
nitrogen and the powder was suspended in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 858 
1 mM phenylmethanesulfonyl fluoride, 10 mM iodoacetamide and 1X Roche cOmplete mini 859 
protease inhibitor cocktail). The crude extract was filtered through 1 layer of Miracloth (EMD 860 
Millipore, Cat #475855) and then centrifuged at 2000 g, 4 °C for 5 min. Protein concentrations 861 
were determined by Bradford assay. 50 µg protein samples were subjected to SDS-PAGE using 862 
15% polyacrylamide gels with 6 M urea in the resolving gel and analyzed by immunoblotting 863 
with anti-ATG8 antibody (Agrisera, Cat #AS142769). Free ATG8 and lipidated ATG8 bands 864 
were quantified by ImageJ (Schneider et al., 2012) following the user guide 865 
(https://imagej.nih.gov/ij/docs/guide/). 866 
 867 
 868 
Accession Numbers 869 
Sequence data from this article can be found in NCBI’s Gene Expression Ominibus databases 870 
under record number GSE111251.  The accession numbers for the individual datasets are 871 
GSE110987 (ATACseq); GSE111001 (CHIPseq) GSE111250 (RNAseq). 872 
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 916 
FIGURE LEGENDS 917 
 918 
Figure 1.    Gene expression patterns in response to persistent ER stress   919 
Differentially expressed genes during the 48-h time course of treatment of maize seedlings with 920 
TM were clustered using a K-means algorithm with Pearson-correlation based distance for the 921 
treated samples. The grey lines correspond to the gene expression patterns estimated by scaled 922 
model-based log2-fold change for each time point compared with time 0 h, and the dark black 923 
lines plot the centroid gene expression pattern. Data for each time point were obtained from three 924 
biological replicates, each analyzed in two technical replicates.   925 
 926 
Figure 2.  Categories of gene expression patterns in response to persistent ER stress and major 927 
Gene Ontology (GO) terms.  928 
Solid black line represents log2 fold change for each time point during TM-induced ER stress in 929 
maize seedlings compared to zero time and is the centroid for the gene expression patterns from 930 
Fig. 1. The clusters shown are those with significantly enriched GO terms obtained from AgriGO 931 
(http://bioinfo.cau.edu.cn/agriGO/).  The clusters have been time ordered by the appearance of 932 
the first major peak (marked with an asterisk) or by first major increment in gene expression. 933 
 934 
Figure 3.  Expression patterns of individual genes during the UPR   935 
RPKM (reads per kilobase million) values from the RNAseq analysis are plotted against time of 936 
treatment with TM.  Expression patterns of genes from selected clusters. (A-B) Peroxidase 937 
family gene (A) Zm00001d022282 from cluster 30 and (B) Zm00001d006937 from cluster 9.  938 
(C-E) UPR genes from cluster 20; (C) Calnexin 1 (Zm00001d003857), (D) Protein disulfide 939 
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isomerase (Zm00001d005866), (E) Derlin-1 (Zm00001d010368) and Hsp90-7 940 
(Zm00001d036401).  (G-H) UPR genes found in cluster 34; (G) Binding protein2 (Bip2) 941 
(Zm00001d014993) and (H) Calreticulin 2 (Zm00001d019283).  Additional genes of interest are 942 
(I) Zmbzip60 (Zm00001d046718) from cluster 20, (J) Bax inhibitor1 (Bi-1, Zm00001d015091) 943 
from cluster 35, (K) Bcl-2 associated anthanogene7 (Bag7, Zm00001d045596) from cluster 13 944 
and (L) a cysteine protease gene (Zm00001d007049) from cluster 28.  Error bars = SE.  For each 945 
time point, n=6, except for the 24 h timepoint in which n=5. 946 
 947 
Figure 4.  Upstream sequence motifs for genes in different clusters.  948 
 Panels show (left to right) sequence motifs for different gene clusters and the gene expression 949 
pattern of a representative gene from the cluster.  (A) Upstream sequence motifs for some of the 950 
earliest genes such as Cinnamoyl COA reductase 1 (Zm00001d051938) in cluster 27. Upstream 951 
regions (500 bp) of genes with q-values <9.9E-05 from the RNAseq analysis were analyzed for 952 
common sequence motifs using PromZea.  A MNCP score of >1 indicates that the sequences 5ʹ 953 
to the transcription start site are enriched for that motif compared with the upstream sequences of 954 
randomly selected genes.  The sequence motifs for cluster 27 are similar to the core sequences in 955 
the yeast UPRE (CAGCG) (Mori et al., 1992). (B) Upstream regions for the genes in cluster 20 956 
such as Stromal cell-derived factor (Zm00001d050430) are enriched for CCACGTCA sequences 957 
similar to the core sequences in the p-UPRE (ATTGGTCCACGTCATC) (Oh et al., 2003; Iwata 958 
and Koizumi, 2005b; Tajima et al., 2008). (C) Most frequent upstream sequence motif for the top 959 
genes in cluster 34 from the RNAseq analysis (q-values <1.0E-07) including Bip3 960 
Zm00001d054043) is also similar to the core p-UPRE. (D) Many of the genes in cluster 35 961 
including Bax-1 inhibitor (Zm00001d050430) share a common upstream motif (CGTG) that is 962 
similar to a G-box, (E) while the genes in cluster 11, such as Expansin B2 (Zm00001d029907), 963 
have sequence motifs (GGATAAG) similar to GATA boxes. (F) The genes in cluster 3, 964 
expressed late in the time course such as Lipid transfer protein 1 (Zm00001d029907), bear 965 
GTAC sequences in their upstream regions similar to squamosa binding protein sites 966 
(CGTACG).  Error bars = SE. 967 
 968 
Fig. 5.  Genes with promoters to which ZmbZIP60 or ZmbZIP17 bind. 969 
ChIPseq analysis in maize seedling leaf mesophyll protoplasts was used to identify genes to 970 
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which GFP-ZmbZIP60C or GFP-ZmbZIP17C bind within 500 bp of the start of transcription.  971 
Genes are rank ordered in terms of peak score (-log10 q-value), annotated using Version 4 and 972 
classified by cluster.   Expression patterns in the appended heat map show normalized counts 973 
from the RNAseq analysis.   974 
 975 
Figure 6.  Open chromatin regions in UPR genes in cluster 20.   976 
ATACseq analysis was conducted on 10-day-old B73 maize seedling roots at time 0, 6 and 12 h 977 
of TM treatment, and the frequency of DNA fragment counts from the ATACseq analysis was 978 
plotted versus genomic position.  (A) Sar1 (Zm00001d049068), (B) Hsp90-7, Shepherd 979 
(Zm00001d036401), (C) Derlin-1 (Zm00001d010368) and Calnexin 1 (Zm00001d003857) are 980 
typical UPR genes and are strongly upregulated from 6 to 12 h after the initiation of TM 981 
treatment. A region 500 bp upstream from the gene was boxed to highlight the changes in 982 
openness (accessibility to Tn5 transposase) of the promoter region in response to ER stress.  983 
Numbers within the box are a summation of the normalized counts within that interval. 984 
 985 
Figure 7.  Expression pattern of miR529 and its target genes. 986 
(A) Relative expression pattern for miR529 following TM treatment.  Expression patterns for 987 
predicted targets of miR529, genes encoding squamosa binding proteins (SBPs).  (A) Sbp14 988 
(Zm00001d020941), (B) Sbp17 (Zm00001d052890) and (C) Sbp23 (Zm00001d006028).  989 
Dashed lines in B-D represent the peak time point for miR529 as shown in A.  Bars = SE.  For 990 
each time point, n=6, except for the 24 h timepoint. 991 
 992 
Figure 8.  RNA processing of selected UPR genes.   993 
Expression profiles from the RNAseq analysis are shown for alternatively spliced UPR genes in 994 
which at least one RNA isoform showed the greatest differential between two time points. 995 
Isoforms differed when one or more exons (or part of an exon) was missing. (A Left panel) 996 
Expression pattern for the individual RNA isoforms of Bip2 (Zm00001d014993). (A right panel) 997 
Gene models for the various isoforms of Bip2 taken from EnsemblPlants 998 
(https://plants.ensembl.org/index.html).  (B Left panel) Expression pattern for the RNA isoforms 999 
of Pdil-1 (Zm00001d049099).  (B right panel) Gene models for the various isoforms of Pdil-1.  1000 
(C Left panel) Expression pattern for the RNA isoforms for Calreticulin 1a (Zm00001d019283).  1001 
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(C right panel) Gene models for the various isoforms of Calreticulin 1a.   1002 
 1003 
Figure 9.  Autophagy and cell death 1004 
(A) Immunoblot of root proteins extracted at various times following treatment of maize 1005 
seedlings with 5 μg/ml TM, including a mock treatment at 48 h.  Blots were probed with 1006 
antibodies against ATG8.  (B)  Ratio of lipidated ATG8 vs free ATG8 at various times as 1007 
assessed by Image J analysis (https://imagej.nih.gov) of immunoblots as in A.  Mean values from 1008 
three biological replicates are shown. Error bars = SE.  (C) Maize seedlings were treated with 1009 
TM as above for various times and then stained with the vital dye Evans blue. Bar = 10 m. (D) 1010 
Root epidermal cells were examined by light microscopy and the number of stained vs unstained 1011 
cells in 100 m2 were plotted to determine the frequency of cell death.  Error bars = SE, n = 5. 1012 
 1013 
Figure 10. Phases during persistent ER stress involving major gene expression, cellular and 1014 
metabolic events.  1015 
In response to persistent ER stress induced by the treatment of maize seedlings with TM, cells 1016 
transition from prosurvival stages to cell death.  The program of gene expression and cellular 1017 
events is multiphasic, characterized by the onset of RIDD, upregulation of UPR genes, period of 1018 
intense RNA processing and induction of anti-apoptotic activities.  Overlying the various phases 1019 
is the activity pattern of ZmIRE1, which influences many of the cellular and gene expression 1020 
events, and autophagy, which may play a role in both prosurvival activities and cell death.      1021 
  1022 
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Figure 1.    Gene expression patterns in response to persistent ER stress.   
Differentially expressed genes during the 48 h time course of treatment of maize seedlings with tunicamycin (TM) were 
clustered using a K-means algorithm with Pearson-correlation based distance for the treated samples. The grey lines 
correspond to the gene expression patterns estimated by scaled model-based log2-fold change for each time point 
compared with time 0 h, and the dark black lines plot the centroid gene expression pattern. Data for each time point 
were obtained from three biological replicates, each analyzed in two technical replicates.   
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Figure 2.  Categories of gene expression patterns in response to persistent ER stress and major Gene 
Ontology (GO) terms.  
Solid black line represents log2 fold change for each time point during TM-induced ER stress in maize 
seedlings compared to zero time and is the centroid for the gene expression patterns from Fig. 1. The 
clusters shown are those with significantly enriched GO terms obtained from AgriGO 
(http://bioinfo.cau.edu.cn/agriGO/).  The clusters have been time ordered by the appearance of the first 
major peak (marked with an asterisk) or by first major increment in gene expression. 
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Figure 3.  Expression patterns of individual genes  during the UPR   
RPKM (reads per kilobase million) values from the RNAseq analysis are plotted against time of treatment with 
TM.  Expression patterns of genes from selected clusters. (A-B) Peroxidase family gene (A) Zm00001d022282 from cluster 
30 and (B) Zm00001d006937 from cluster 9.  (C-E) UPR genes from cluster 20; (C) Calnexin 1 (Zm00001d003857), (D) 
Protein disulfide isomerase (Zm00001d005866), (E) Derlin-1 (Zm00001d010368) and Hsp90-7 (Zm00001d036401).  (G-H) 
UPR genes found in cluster 34; (G) Binding protein2 (Bip2) (Zm00001d014993) and (H) Calreticulin 2 
(Zm00001d019283).  Additional genes of interest are (I) Zmbzip60 (Zm00001d046718) from cluster 20, (J) Bax inhibitor1 
(Bi-1, Zm00001d015091) from cluster 35, (K) Bcl-2 associated anthanogene7  (Bag7, Zm00001d045596) from cluster 13 
and (L) a cysteine protease gene (Zm00001d007049) from cluster 28.  Error bars = SE .  For each time point, n=6, except 
for the 24 h timepoint in which n=5. 
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Figure 4.  Upstream sequence motifs for genes in different clusters.  
 Panels show (left to right) sequence motifs for different gene clusters and the gene expression pattern of a 
representative gene from the cluster.  (A) Upstream sequence motifs for some of the earliest genes such as 
Cinnamoyl COA reductase 1  (Zm00001d051938) in cluster 27. Upstream regions (500 bp) of genes with q-
values <9.9E-05 from the RNAseq analysis were analyzed for common sequence motifs using PromZea.  A 
MNCP score of >1 indicates that the sequences 5ʹ to the transcription start site are enriched for that motif 
compared with the upstream sequences of randomly selected genes.  The sequence motifs for cluster 27 are 
similar to the core sequences in the yeast UPRE (CAGCG) (Mori et al., 1992). (B) Upstream regions for the 
genes in cluster 20 such as Stromal cell-derived factor (Zm00001d050430) are enriched for CCACGTCA 
sequences similar to the core sequences in the p-UPRE (ATTGGTCCACGTCATC) (Oh et al., 2003; Iwata 
and Koizumi, 2005b; Tajima et al., 2008). (C) Most frequent upstream sequence motif for the top genes in 
cluster 34 from the RNAseq analysis (q-values <1.0E-07) including Bip3 Zm00001d054043) is also similar to 
the core p-UPRE. (D) Many of the genes in cluster 35 including Bax-1 inhibitor (Zm00001d050430) share a 
common upstream motif (CGTG) that is similar to a G-box, (E) while the genes in cluster 11, such as 
Expansin B2 (Zm00001d029907), have sequence motifs (GGATAAG) similar to GATA boxes. (F) The genes 
in cluster 3, expressed late in the time course such as Lipid transfer protein 1 (Zm00001d029907), bear 
GTAC sequences in their upstream regions similar to squamosa binding protein sites (CGTACG).  Error bars 
= SE. 
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Fig. 5.  Genes with promoters to which ZmbZIP60 or ZmbZIP17 bind. 
ChIPseq analysis  in maize seedling leaf protoplasts was used to identify genes to which GFP-ZmbZIP60DC 
or GFP-ZmbZIP17DC bind within 500 bp of the start of transcription.  Genes are rank ordered in terms of 
peak score (-log10 q-value), annotated using Version 4 and classified by cluster.   Expression patterns in the 
appended heat map show normalized counts from the RNAseq analysis.   
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Figure 6.  Open chromatin regions in UPR genes in cluster 20.   
ATACseq analysis was conducted at time 0, 6 and 12 h of TM treatment , and the frequency of DNA 
fragment counts from the ATACseq analysis was plotted versus genomic position.  (A) 
Sar1  (Zm00001d049068), (B) Hsp90-7, Shepherd  (Zm00001d036401), (C ) Derlin-1 (Zm00001d010368) 
and Calnexin 1 (Zm00001d003857) are typical UPR genes and are strongly upregulated from 6 to 12 h 
after the initiation of TM treatment. A region 500 bp upstream from the gene was boxed to highlight the 
changes in openness (accessibility to Tn5 transposase) of the promoter region in response to ER 
stress.  Numbers within the box are a summation of the normalized counts within that interval. 
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Figure 7.  Expression pattern of miR529 and its target genes. 
(A) Relative expression pattern for miR529 following TM treatment.  Expression patterns for predicted targets of 
miR529, genes encoding squamosa binding proteins (SBPs).  (A) Sbp14  (Zm00001d020941), (B) Sbp17 
(Zm00001d052890) and (C) Sbp23 (Zm00001d006028).  Dashed lines in B-D represent the peak time point for 
miR529 as shown in A.  Bars = SE.   For each time point, n=6, except for the 24 h timepoint in which n=5. 
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Figure 8.  RNA processing of selected UPR genes.   
Expression profiles from the RNAseq analysis are shown for alternatively spliced UPR genes in which at least 
one RNA isoform showed the greatest differential between two time points. Isoforms differed when one or more 
exons (or part of an exon) was missing. (A Left panel) Expression pattern for the individual RNA isoforms of 
Bip2  (Zm00001d014993). (A right panel) Gene models for the various isoforms of Bip2 taken from 
EnsemblPlants (https://plants.ensembl.org/index.html).  (B Left panel) Expression pattern for the RNA isoforms 
of Pdil-1 (Zm00001d049099).  (B right panel) Gene models for the various isoforms of Pdil-1.  (C Left panel) 
Expression pattern for the RNA isoforms of Calreticulin 1a (Zm00001d019283).  (C right panel) Gene models for 
the various isoforms of Calreticulin 1a.   
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Figure 9.  Autophagy and cell death 
(A) Immunoblot of root proteins extracted at various times following treatment of maize seedlings with 5 
μg/ml TM, including a mock treatment at 48 h.  Blots were probed with antibodies against 
ATG8.  (B)  Ratio of lipidated ATG8 vs free ATG8 at various times as assessed by Image J analysis 
(https://imagej.nih.gov) of immunoblots as in A.  Mean values from three biological replicates are shown. 
Error bars = SE.   (C) Maize seedlings were treated with TM as above for various times and then stained 
with the vital dye Evans blue.  Bar = 10 mm. (D) Root epidermal cells were examined by light 
microscopy and the number of stained vs unstained cells in 100 mm2 were plotted to determine the 
frequency of cell death.  Error bars = SE, n = 5. 
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Figure 10. Phases during persistent ER stress involving major gene expression, cellular and 
metabolic events.   
In response to persistent ER stress induced by the treatment of maize seedlings with TM, cells 
transition from prosurvival stages to cell death.  The program of gene expression and cellular 
events is multiphasic, characterized by the onset of RIDD, upregulation of UPR genes, period of 
intense RNA processing and induction of anti-apoptotic activities.  Overlying the various phases 
is the activity pattern of ZmIRE1, which influences many of the cellular and gene expression 
events, and autophagy, which may play a role in both prosurvival activities and cell death.      
prosurvival prodeath 
Early 
phase 
Early-mid 
phase 
Mid 
phase 
Late 
phase 
D
eg
ra
d
at
io
n
 o
f 
p
er
o
xi
d
as
e 
ge
n
e 
tr
an
sc
ri
p
ts
 (
R
ID
D
) 
U
p
re
gu
la
ti
o
n
 
o
f 
ca
n
o
n
ic
al
 
U
P
R
 g
en
es
 
 R
N
A
 p
ro
ce
ss
in
g 
A
tt
en
u
at
io
n
 o
f 
Zm
IR
E1
 a
n
d
 
an
ti
-a
p
o
p
to
ti
c 
ac
ti
vi
ti
e
s 
Autophagy 
Cell death 
ZmIRE1 activity 
Parsed Citations
This work was supported by the National Science Foundation Plant Genome Research Program (IOS 1444339) and by an award to
S.H.H. from the Iowa State University Plant Sciences Institute. The modified pCSVMV_GW vector with a GFP tag was kindly provided
by Justin Walley at Iowa State University. The authors acknowledge the support and thank Michael D. Baker in the DNA facility at Iowa
State University.
AUTHOR CONTRIBUTIONS
A.E.S., D.C.B, F.B. and S.H.H. designed the research; R.S., Z.L., G.R., S.V. and J.T. performed the research; R.B., P.L., R.M., S.C., A.J.S.,
M.H. and C.L-D. analyzed data; A.E.S., D.C.B, F.B. and S.H.H. wrote the paper.
Amin-Wetzel, N., Saunders, R.A., Kamphuis, M.J., Rato, C., Preissler, S., Harding, H.P., and Ron, D. (2017). A J-Protein Co-chaperone
Recruits BiP to Monomerize IRE1 and Repress the Unfolded Protein Response. Cell 171, 1625-1637 e1613.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Anders, S., Reyes, A., and Huber, W. (2012). Detecting differential usage of exons from RNA-seq data. Genome Res 22, 2008-2017.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Anderson, P., and Kedersha, N. (2002). Stressful initiations. Journal of cell science 115, 3227-3234.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Arimoto, K., Fukuda, H., Imajoh-Ohmi, S., Saito, H., and Takekawa, M. (2008). Formation of stress granules inhibits apoptosis by
suppressing stress-responsive MAPK pathways. Nature cell biology 10, 1324-1232.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Bao, Y., and Howell, S.H. (2017). The Unfolded Protein Response supports plant development and defense as well as responses to
abiotic stress. Frontiers in plant science 8, 344.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Bao, Y., Pu, Y., Gregpry, B.D., Srivastava, R., S.H., H., and Bassham, D.C. (in press). IRE1b degrades RNAs encoding proteins that
interfere with the induction of autophagy by ER stress. Autophagy.
Bartoszewska, S., Kochan, K., Madanecki, P., Piotrowski, A., Ochocka, R., Collawn, J.F., and Bartoszewski, R. (2013). Regulation of the
unfolded protein response by microRNAs. Cell Mol Biol Lett 18, 555-578.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Baxter, A., Mittler, R., and Suzuki, N. (2014). ROS as key players in plant stress signalling. Journal of experimental botany 65, 1229-1240.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate: a practical and powerful approach to multiple testing. J
Royal Stat. Soc. Ser. B 57, 289-300.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Bindschedler, L.V., Dewdney, J., Blee, K.A., Stone, J.M., Asai, T., Plotnikov, J., Denoux, C., Hayes, T., Gerrish, C., Davies, D.R., Ausubel,
F.M., and Bolwell, G.P. (2006). Peroxidase-dependent apoplastic oxidative burst in Arabidopsis required for pathogen resistance. The
Plant journal : for cell and molecular biology 47, 851-863.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Birkenbihl, R.P., Jach, G., Saedler, H., and Huijser, P. (2005). Functional dissection of the plant-specific SBP-domain: overlap of the
DNA-binding and nuclear localization domains. Journal of molecular biology 352, 585-596.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Bolger, A.M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Borradaile, N.M., Han, X., Harp, J.D., Gale, S.E., Ory, D.S., and Schaffer, J.E. (2006). Disruption of endoplasmic reticulum structure and
integrity in lipotoxic cell death. Journal of lipid research 47, 2726-2737.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Boston, R.S., Fontes, E.B., Shank, B.B., and Wrobel, R.L. (1991). Increased expression of the maize immunoglobulin binding protein
homolog b-70 in three zein regulatory mutants. The Plant cell 3, 497-505.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Branco-Price, C., Kaiser, K.A., Jang, C.J., Larive, C.K., and Bailey-Serres, J. (2008). Selective mRNA translation coordinates energetic
and metabolic adjustments to cellular oxygen deprivation and reoxygenation in Arabidopsis thaliana. The Plant journal : for cell and
molecular biology 56, 743-755.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Brindley, D.N., and Waggoner, D.W. (1998). Mammalian lipid phosphate phosphohydrolases. The Journal of biological chemistry 273,
24281-24284.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Buenrostro, J.D., Wu, B., Chang, H.Y., and Greenleaf, W.J. (2015). ATAC-seq: A method for assaying chromatin accessibility genome-
wide. Curr Protoc Mol Biol 109, 21 29 21-29.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Byrd, A.E., and Brewer, J.W. (2013). Micro(RNA)managing endoplasmic reticulum stress. IUBMB Life 65, 373-381.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Carter, M.S., Doskow, J., Morris, P., Li, S., Nhim, R.P., Sandstedt, S., and Wilkinson, M.F. (1995). A regulatory mechanism that detects
premature nonsense codons in T-cell receptor transcripts in vivo is reversed by protein synthesis inhibitors in vitro. The Journal of
biological chemistry 270, 28995-29003.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Chang, Y.F., Imam, J.S., and Wilkinson, M.F. (2007). The nonsense-mediated decay RNA surveillance pathway. Annual review of
biochemistry 76, 51-74.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Chen, Y., and Brandizzi, F. (2013). IRE1: ER stress sensor and cell fate executor. Trends in cell biology 23, 547-555.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Cho, H., Wu, M., Zhang, L., Thompson, R., Nath, A., and Chan, C. (2013). Signaling dynamics of palmitate-induced ER stress responses
mediated by ATF4 in HepG2 cells. BMC systems biology 7, 9.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Choudhury, F.K., Rivero, R.M., Blumwald, E., and Mittler, R. (2017). Reactive oxygen species, abiotic stress and stress combination.
The Plant journal : for cell and molecular biology 90, 856-867.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Chuck, G., Whipple, C., Jackson, D., and Hake, S. (2010). The maize SBP-box transcription factor encoded by tasselsheath4 regulates
bract development and the establishment of meristem boundaries. Development 137, 1243-1250.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Chung, T., Suttangkakul, A., and Vierstra, R.D. (2009). The ATG autophagic conjugation system in maize: ATG transcripts and
abundance of the ATG8-lipid adduct are regulated by development and nutrient availability. Plant physiology 149, 220-234.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Clarke, N.D., and Granek, J.A. (2003). Rank order metrics for quantifying the association of sequence features with gene regulation.
Bioinformatics 19, 212-218.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Coleman, C.E., Lopes, M.A., Gillikin, J.W., Boston, R.S., and Larkins, B.A. (1995). A defective signal peptide in the maize high-lysine
mutant floury 2. Proceedings of the National Academy of Sciences of the United States of America 92, 6828-6831.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Cosio, C., and Dunand, C. (2009). Specific functions of individual class III peroxidase genes. Journal of experimental botany 60, 391-
408.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Cross, B.C., Bond, P.J., Sadowski, P.G., Jha, B.K., Zak, J., Goodman, J.M., Silverman, R.H., Neubert, T.A., Baxendale, I.R., Ron, D., and
Harding, H.P. (2012). The molecular basis for selective inhibition of unconventional mRNA splicing by an IRE1-binding small molecule.
Proceedings of the National Academy of Sciences of the United States of America 109, E869-878.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Cuperus, J.T., Fahlgren, N., and Carrington, J.C. (2011). Evolution and functional diversification of MIRNA genes. The Plant cell 23,
431-442.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Dai, X., Zhuang, Z., and Zhao, P.X. (2011). Computational analysis of miRNA targets in plants: current status and challenges. Brief
Bioinform 12, 115-121.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Davies, D.R., Bindschedler, L.V., Strickland, T.S., and Bolwell, G.P. (2006). Production of reactive oxygen species in Arabidopsis
thaliana cell suspension cultures in response to an elicitor from Fusarium oxysporum: implications for basal resistance. Journal of
experimental botany 57, 1817-1827.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Denecke, J., Goldman, M.H., Demolder, J., Seurinck, J., and Botterman, J. (1991). The tobacco luminal binding protein is encoded by a
multigene family. The Plant cell 3, 1025-1035.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Deng, Y., Humbert, S., Liu, J.X., Srivastava, R., Rothstein, S.J., and Howell, S.H. (2011). Heat induces the splicing by IRE1 of a mRNA
encoding a transcription factor involved in the unfolded protein response in Arabidopsis. Proceedings of the National Academy of
Sciences of the United States of America 108, 7247-7252.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, M., and Gingeras, T.R. (2013). STAR:
ultrafast universal RNA-seq aligner. Bioinformatics, 29(1), 15–21.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Donaldson, R.P., and Beevers, H. (1977). Lipid composition of organelles from germinating castor bean endosperm. Plant physiology
59, 259-263.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Duque, P. (2011). A role for SR proteins in plant stress responses. Plant signaling & behavior 6, 49-54.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Easterling, W., and al., e. (2007). Impacts, adaptation and vulnerability. Contribution of working group II to the fourth assessment report
of the Intergovernmental Panel on Climate Change. In Climate Change 2007, M.L. Parry and e. al., eds (Cambridge University Press),
pp. 273-313.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Fontes, E.B., Shank, B.B., Wrobel, R.L., Moose, S.P., GR, O.B., Wurtzel, E.T., and Boston, R.S. (1991). Characterization of an
immunoglobulin binding protein homolog in the maize floury-2 endosperm mutant. The Plant cell 3, 483-496.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Foster, R., Izawa, T., and Chua, N.H. (1994). Plant bzip proteins gather at ACGT Elements. Faseb Journal 8, 192-200.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Gardner, L.B. (2008). Hypoxic inhibition of nonsense-mediated RNA decay regulates gene expression and the integrated stress
response. Molecular and cellular biology 28, 3729-3741.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Goetz, A.E., and Wilkinson, M. (2017). Stress and the nonsense-mediated RNA decay pathway. Cell Mol Life Sci 74, 3509-3531.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Griffiths-Jones, S., Saini, H.K., van Dongen, S., and Enright, A.J. (2008). miRBase: tools for microRNA genomics. Nucleic acids research
36, D154-158.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Guo, W., Wong, S., Xie, W., Lei, T., and Luo, Z. (2007). Palmitate modulates intracellular signaling, induces endoplasmic reticulum
stress, and causes apoptosis in mouse 3T3-L1 and rat primary preadipocytes. American journal of physiology. Endocrinology and
metabolism 293, E576-586.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Gupta, A., Hossain, M.M., Read, D.E., Hetz, C., Samali, A., and Gupta, S. (2015). PERK regulated miR-424(322)-503 cluster fine-tunes
activation of IRE1 and ATF6 during Unfolded Protein Response. Scientific reports 5, 18304.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Gutierrez-Beltran, E., Moschou, P.N., Smertenko, A.P., and Bozhkov, P.V. (2015). Tudor staphylococcal nuclease links formation of
stress granules and processing bodies with mRNA catabolism in Arabidopsis. The Plant cell 27, 926-943.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Harding, H.P., Zhang, Y., and Ron, D. (1999). Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase.
Nature 397, 271-274.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
He, C., and Klionsky, D.J. (2009). Regulation mechanisms and signaling pathways of autophagy. Annu Rev Genet 43, 67-93.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hollien, J. (2013). Evolution of the unfolded protein response. Biochimica et biophysica acta 1833, 2458-2463.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hollien, J., and Weissman, J.S. (2006). Decay of endoplasmic reticulum-localized mRNAs during the unfolded protein response.
Science 313, 104-107.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hollien, J., Lin, J.H., Li, H., Stevens, N., Walter, P., and Weissman, J.S. (2009). Regulated Ire1-dependent decay of messenger RNAs in
mammalian cells. The Journal of cell biology 186, 323-331.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hori, K., and Watanabe, Y. (2005). UPF3 suppresses aberrant spliced mRNA in Arabidopsis. The Plant journal : for cell and molecular
biology 43, 530-540.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Howell, S.H. (2013). ER stress responses in plants. Ann. Rev. Plant Biol. 64, 477-499.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hudson, M.E., and Quail, P.H. (2003). Identification of promoter motifs involved in the network of phytochrome A-regulated gene
expression by combined analysis of genomic sequence and microarray data. Plant physiology 133, 1605-1616.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Hughes, S.J., Antoshchenko, T., Chen, Y., Lu, H., Pizarro, J.C., and Park, H.W. (2016). Probing the ATP site of GRP78 with nucleotide
triphosphate analogs. PloS one 11, e0154862.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., Mizushima, N., Tanida, I., Kominami, E., Ohsumi, M., Noda,
T., and Ohsumi, Y. (2000). A ubiquitin-like system mediates protein lipidation. Nature 408, 488-492.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ishikawa, T., Watanabe, N., Nagano, M., Kawai-Yamada, M., and Lam, E. (2011). Bax inhibitor-1: a highly conserved endoplasmic
reticulum-resident cell death suppressor. Cell death and differentiation 18, 1271-1278.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Iwata, Y., and Koizumi, N. (2005a). An Arabidopsis transcription factor, AtbZIP60, regulates the endoplasmic reticulum stress response
in a manner unique to plants. Proceedings of the National Academy of Sciences of the United States of America 102, 5280-5285.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Iwata, Y., and Koizumi, N. (2005b). Unfolded protein response followed by induction of cell death in cultured tobacco cells treated with
tunicamycin. Planta 220, 804-807.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Iwata, Y., Sakiyama, M., Lee, M.-H., and Koizumi, N. (2010). Transcriptomic response of Arabidopsis thaliana to tunicamycin induced
endoplasmic reticulum stress. Plant Biotechnol 27, 161-171.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Jiang, H., Liang, C., Liu, X., Jiang, Q., He, Z., Wu, J., Pan, X., Ren, Y., Fan, M., Li, M., and Wu, Z. (2010). Palmitic acid promotes endothelial
progenitor cells apoptosis via p38 and JNK mitogen-activated protein kinase pathways. Atherosclerosis 210, 71-77.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Karam, R., Lou, C.H., Kroeger, H., Huang, L., Lin, J.H., and Wilkinson, M.F. (2015). The unfolded protein response is shaped by the NMD
pathway. EMBO reports 16, 599-609.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Kedersha, N., and Anderson, P. (2007). Mammalian stress granules and processing bodies. Methods in enzymology 431, 61-81.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Kim, C.S., Hunter, B.G., Kraft, J., Boston, R.S., Yans, S., Jung, R., and Larkins, B.A. (2004). A defective signal peptide in a 19-kD alpha-
zein protein causes the unfolded protein response and an opaque endosperm phenotype in the maize De*-B30 mutant. Plant
physiology 134, 380-387.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Koizumi, N., Ujino, T., Sano, H., and Chrispeels, M.J. (1999). Overexpression of a gene that encodes the first enzyme in the
biosynthesis of asparagine-linked glycans makes plants resistant to tunicamycin and obviates the tunicamycin-induced unfolded
protein response. Plant physiology 121, 353-361.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with Bowtie 2. Nature methods 9, 357-359.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lau, O.S., and Bergmann, D.C. (2015). MOBE-ChIP: a large-scale chromatin immunoprecipitation assay for cell type-specific studies.
The Plant journal : for cell and molecular biology 84, 443-450.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Leamy, A.K., Egnatchik, R.A., Shiota, M., Ivanova, P.T., Myers, D.S., Brown, H.A., and Young, J.D. (2014). Enhanced synthesis of
saturated phospholipids is associated with ER stress and lipotoxicity in palmitate treated hepatic cells. Journal of lipid research 55,
1478-1488.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lee, J.H., Jin, S., Kim, S.Y., Kim, W., and Ahn, J.H. (2017). A fast, efficient chromatin immunoprecipitation method for studying protein-
DNA binding in Arabidopsis mesophyll protoplasts. Plant methods 13, 42.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Leung, A.K., Calabrese, J.M., and Sharp, P.A. (2006). Quantitative analysis of Argonaute protein reveals microRNA-dependent
localization to stress granules. Proceedings of the National Academy of Sciences of the United States of America 103, 18125-18130.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liao, Y., Smyth, G.K. and Shi, W. (2014). featureCounts: an efficient general-purpose program for assigning sequence reads to genomic
features. Bioinformatics, 30(7):923-30.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Li, F., and Vierstra, R.D. (2012). Autophagy: a multifaceted intracellular system for bulk and selective recycling. Trends in plant science
17, 526-537.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv preprint arXiv:1303.3997.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Li, Y., Humbert, S., and Howell, S.H. (2012). ZmbZIP60 mRNA is spliced in maize in response to ER stress. BMC research notes 5, 144.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liang, X., Nazarenus, T.J., and Stone, J.M. (2008). Identification of a consensus DNA-binding site for the Arabidopsis thaliana SBP
domain transcription factor, AtSPL14, and binding kinetics by surface plasmon resonance. Biochemistry 47, 3645-3653.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lin, J.H., Li, H., Yasumura, D., Cohen, H.R., Zhang, C., Panning, B., Shokat, K.M., Lavail, M.M., and Walter, P. (2007). IRE1 signaling
affects cell fate during the unfolded protein response. Science 318, 944-949.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ling, L.Z., and Zhang, S.D. (2012). Exploring the evolutionary differences of SBP-box genes targeted by miR156 and miR529 in plants.
Genetica 140, 317-324.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liseron-Monfils, C., Lewis, T., Ashlock, D., McNicholas, P.D., Fauteux, F., Stromvik, M., and Raizada, M.N. (2013). Promzea: a pipeline
for discovery of co-regulatory motifs in maize and other plant species and its application to the anthocyanin and phlobaphene
biosynthetic pathways and the Maize Development Atlas. BMC plant biology 13, 42.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liu, H., Qin, C., Chen, Z., Zuo, T., Yang, X., Zhou, H., Xu, M., Cao, S., Shen, Y., Lin, H., He, X., Zhang, Y., Li, L., Ding, H., Lubberstedt, T.,
Zhang, Z., and Pan, G. (2014). Identification of miRNAs and their target genes in developing maize ears by combined small RNA and
degradome sequencing. BMC genomics 15, 25.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liu, Y., and Bassham, D.C. (2012). Autophagy: Pathways for self-eating in plant cells. Annual review of plant biology 63, 215-237.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Liu, Y., Burgos, J.S., Deng, Y., Srivastava, R., Howell, S.H., and Bassham, D.C. (2012). Degradation of the endoplasmic reticulum by
autophagy during endoplasmic reticulum stress in Arabidopsis. The Plant cell 24, 4635-4651.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lobell, D.B., and Asner, G.P. (2003). Climate and management contributions to recent trends in U.S. agricultural yields. Science 299,
1032.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lobell, D.B., Hammer, G.L., McLean, G., Messina, C., Roberts, M.J., and Schlenker, W. (2013). The critical role of extreme heat for
maize production in the United States. Nat. Climate change 3, 497-501.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Love, M.I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2.
Genome biology 15, 550.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lu, J., Wang, Q., Huang, L., Dong, H., Lin, L., Lin, N., Zheng, F., and Tan, J. (2012). Palmitate causes endoplasmic reticulum stress and
apoptosis in human mesenchymal stem cells: prevention by AMPK activator. Endocrinology 153, 5275-5284.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Luan, M., Xu, M., Lu, Y., Zhang, Q., Zhang, L., Zhang, C., Fan, Y., Lang, Z., and Wang, L. (2014). Family-wide survey of miR169s and NF-
YAs and their expression profiles response to abiotic stress in maize roots. PloS one 9, e91369.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ly, L.D., Xu, S., Choi, S.K., Ha, C.M., Thoudam, T., Cha, S.K., Wiederkehr, A., Wollheim, C.B., Lee, I.K., and Park, K.S. (2017). Oxidative
stress and calcium dysregulation by palmitate in type 2 diabetes. Exp Mol Med 49, e291.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Lykidis, A., and Jackowski, S. (2001). Regulation of mammalian cell membrane biosynthesis. Prog Nucleic Acid Res Mol Biol 65, 361-393.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Maher, K.A., Bajic, M., Kajala, K., Reynoso, M., Pauluzzi, G., West, D., Zumstein, K., Woodhouse, M., Bubb, K.L., Dorrity, M.W., Queitsch,
C., Bailey-Serres, J., Sinha, N., Brady, S.M., and Deal, R. (2017). Profiling of accessible chromatin regions across multiple plant species
and cell types reveals common gene regulatory principles and new control modules. The Plant cell.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Malhotra, J.D., and Kaufman, R.J. (2007). Endoplasmic reticulum stress and oxidative stress: a vicious cycle or a double-edged sword?.
Antioxidants and Redox Signaling 9, 2277-2294.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10-12.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Martinez, I.M., and Chrispeels, M.J. (2003). Genomic analysis of the unfolded protein response in Arabidopsis shows its connection to
important cellular processes. The Plant cell 15, 561-576.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Maurel, M., and Chevet, E. (2013). Endoplasmic reticulum stress signaling: the microRNA connection. American journal of physiology.
Cell physiology 304, C1117-1126.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Maurel, M., Chevet, E., Tavernier, J., and Gerlo, S. (2014). Getting RIDD of RNA: IRE1 in cell fate regulation. Trends in biochemical
sciences 39, 245-254.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
McCarthy, D.J., Chen, Y., and Smyth, G.K. (2012). Differential expression analysis of multifactor RNA-Seq experiments with respect to
biological variation. Nucleic acids research 40, 4288-4297.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Mendell, J.T., Sharifi, N.A., Meyers, J.L., Martinez-Murillo, F., and Dietz, H.C. (2004). Nonsense surveillance regulates expression of
diverse classes of mammalian transcripts and mutes genomic noise. Nature genetics 36, 1073-1078.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Minina, E.A., Bozhkov, P.V., and Hofius, D. (2014). Autophagy as initiator or executioner of cell death. Trends in plant science 19, 692-
697.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Mishiba, K., Nagashima, Y., Suzuki, E., Hayashi, N., Ogata, Y., Shimada, Y., and Koizumi, N. (2013). Defects in IRE1 enhance cell death
and fail to degrade mRNAs encoding secretory pathway proteins in the Arabidopsis unfolded protein response. Proceedings of the
National Academy of Sciences of the United States of America 110, 5713-5718.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Mori, K., Sant, A., Kohno, K., Normington, K., Gething, M.J., and Sambrook, J.F. (1992). A 22 bp cis-acting element is necessary and
sufficient for the induction of the yeast KAR2 (BiP) gene by unfolded proteins. The EMBO journal 11, 2583-2593.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Nagashima, Y., Mishiba, K., Suzuki, E., Shimada, Y., Iwata, Y., and Koizumi, N. (2011). Arabidopsis IRE1 catalyses unconventional
splicing of bZIP60 mRNA to produce the active transcription factor. Scientific reports 1, 29.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Oh, D.H., Kwon, C.S., Sano, H., Chung, W.I., and Koizumi, N. (2003). Conservation between animals and plants of the cis-acting element
involved in the unfolded protein response. Biochemical and biophysical research communications 301, 225-230.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ozgur, R., Turkan, I., Uzilday, B., and Sekmen, A.H. (2014). Endoplasmic reticulum stress triggers ROS signalling, changes the redox
state, and regulates the antioxidant defence of Arabidopsis thaliana. Journal of experimental botany 65, 1377-1390.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ozgur, R., Uzilday, B., Iwata, Y., Koizumi, N., and Turkan, I. (2018). Interplay between unfolded protein response and reactive oxygen
species: a dynamic duo. Journal of experimental botany.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Pierrugues, O., Brutesco, C., Oshiro, J., Gouy, M., Deveaux, Y., Carman, G.M., Thuriaux, P., and Kazmaier, M. (2001). Lipid phosphate
phosphatases in Arabidopsis. Regulation of the AtLPP1 gene in response to stress. The Journal of biological chemistry 276, 20300-
20308.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Pruneda-Paz, J.L., Breton, G., Nagel, D.H., Kang, S.E., Bonaldi, K., Doherty, C.J., Ravelo, S., Galli, M., Ecker, J.R., and Kay, S.A. (2014). A
genome-scale resource for the functional characterization of Arabidopsis transcription factors. Cell reports 8, 622-632.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Qi, J., Wang, J., Gong, Z., and Zhou, J.M. (2017). Apoplastic ROS signaling in plant immunity. Current opinion in plant biology 38, 92-100.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Quinlan, A.R., and Hall, I.M. (2010). BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841-842.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Ray, D.K., Mueller, N.D., West, P.C., and Foley, J.A. (2013). Yield trends are insufficient to double global crop production by 2050. PloS
one 8, e66428.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Robinson, M.D., and Oshlack, A. (2010). A scaling normalization method for differential expression analysis of RNA-seq data. Genome
biology 11, R25.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Robinson, M.D., McCarthy, D.J., and Smyth, G.K. (2010). edgeR: a Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26, 139-140.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Rodgers-Melnick, E., Vera, D.L., Bass, H.W., and Buckler, E.S. (2016). Open chromatin reveals the functional maize genome.
Proceedings of the National Academy of Sciences of the United States of America 113, E3177-3184.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Sakurai, G., Lizumi, T., and Yokozawa, M. (2012). Varying temporal and spatial effects of climate on maize and soybean affect yield
prediction. . Climate Research 49, 143-154.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Schlenker, W., and Lobell, D.B. (2010). Robust negative impacts of climate change on African agriculture. Environ. Res. Lett, 014010.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Schmid, D., Baici, A., Gehring, H., and Christen, P. (1994). Kinetics of molecular chaperone action. Science 263, 971-973.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Schuck, S., Prinz, W.A., Thorn, K.S., Voss, C., and Walter, P. (2009). Membrane expansion alleviates endoplasmic reticulum stress
independently of the unfolded protein response. The Journal of cell biology 187, 525-536.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Sewelam, N., Kazan, K., and Schenk, P.M. (2016). Global plant stress signaling: Reactive oxygen species at the cross-road. Frontiers in
plant science 7, 187.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Shigeto, J., and Tsutsumi, Y. (2016). Diverse functions and reactions of class III peroxidases. New Phytol 209, 1395-1402.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Solomon, M., Belenghi, B., Delledonne, M., Menachem, E., and Levine, A. (1999). The involvement of cysteine proteases and protease
inhibitor genes in the regulation of programmed cell death in plants. The Plant cell 11, 431-444.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Song, Z.T., Sun, L., Lu, S.J., Tian, Y., Ding, Y., and Liu, J.X. (2015). Transcription factor interaction with COMPASS-like complex
regulates histone H3K4 trimethylation for specific gene expression in plants. Proceedings of the National Academy of Sciences of the
United States of America 112, 2900-2905.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Sriburi, R., Jackowski, S., Mori, K., and Brewer, J.W. (2004). XBP1: a link between the unfolded protein response, lipid biosynthesis,
and biogenesis of the endoplasmic reticulum. The Journal of cell biology 167, 35-41.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Sundaram, A., Plumb, R., Appathurai, S., and Mariappan, M. (2017). The Sec61 translocon limits IRE1alpha signaling during the unfolded
protein response. eLife 6.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Szabo, A., Langer, T., Schroder, H., Flanagan, J., Bukau, B., and Hartl, F.U. (1994). The ATP hydrolysis-dependent reaction cycle of the
Escherichia coli Hsp70 system DnaK, DnaJ, and GrpE. Proceedings of the National Academy of Sciences of the United States of
America 91, 10345-10349.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Tajima, H., Iwata, Y., Iwano, M., Takayama, S., and Koizumi, N. (2008). Identification of an Arabidopsis transmembrane bZIP transcription
factor involved in the endoplasmic reticulum stress response. Biochemical and biophysical research communications 374, 242-247.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Tao, F., Yokozama, M., Liu, M., and Zhang, Z. (2008). Climate–crop yield relationships at provincial scales in China and the impacts of
recent climate trends. . Climate Research 38, 83-94.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Trobacher, C.P., Senatore, A., and Greenwood, J.S. (2006). Masterminds or minions? Cysteine proteinases in plant programmed cell
death. Can J Bot 84, 651-667.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Vera, D.L., Madzima, T.F., Labonne, J.D., Alam, M.P., Hoffman, G.G., Girimurugan, S.B., Zhang, J., McGinnis, K.M., Dennis, J.H., and
Bass, H.W. (2014). Differential nuclease sensitivity profiling of chromatin reveals biochemical footprints coupled to gene expression
and functional DNA elements in maize. The Plant cell 26, 3883-3893.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Volmer, R., van der Ploeg, K., and Ron, D. (2013). Membrane lipid saturation activates endoplasmic reticulum unfolded protein
response transducers through their transmembrane domains. Proceedings of the National Academy of Sciences of the United States
of America 110, 4628-4633.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Wakasa, Y., Oono, Y., Yazawa, T., Hayashi, S., Ozawa, K., Handa, H., Matsumoto, T., and Takaiwa, F. (2014). RNA sequencing-mediated
transcriptome analysis of rice plants in endoplasmic reticulum stress conditions. BMC plant biology 14, 101.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Wang, Y., Wang, Q., Zhao, Y., Han, G., and Zhu, S. (2015). Systematic analysis of maize class III peroxidase gene family reveals a
conserved subfamily involved in abiotic stress response. Gene 566, 95-108.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Watanabe, N., and Lam, E. (2008). BAX inhibitor-1 modulates endoplasmic reticulum stress-mediated programmed cell death in
Arabidopsis. The Journal of biological chemistry 283, 3200-3210.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Williams, B., Kabbage, M., Britt, R., and Dickman, M.B. (2010). AtBAG7, an Arabidopsis Bcl-2-associated athanogene, resides in the
endoplasmic reticulum and is involved in the unfolded protein response. Proceedings of the National Academy of Sciences of the
United States of America 107, 6088-6093.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Williams, M.E., Foster, R., and Chua, N.H. (1992). Sequences flanking the hexameric G-box core CACGTG affect the specificity of
protein binding. The Plant cell 4, 485-496.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Wu, T.D., and Nacu, S. (2010). Fast and SNP-tolerant detection of complex variants and splicing in short reads. Bioinformatics 26, 873-
881.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Xu, G., Wang, S., Han, S., Xie, K., Wang, Y., Li, J., and Liu, Y. (2017). Plant Bax Inhibitor-1 interacts with ATG6 to regulate autophagy and
programmed cell death. Autophagy, 0.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Yamasaki, K., Kigawa, T., Inoue, M., Yamasaki, T., Yabuki, T., Aoki, M., Seki, E., Matsuda, T., Tomo, Y., Terada, T., Shirouzu, M., Tanaka,
A., Seki, M., Shinozaki, K., and Yokoyama, S. (2006). An Arabidopsis SBP-domain fragment with a disrupted C-terminal zinc-binding site
retains its tertiary structure. FEBS letters 580, 2109-2116.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Yang, J., Nune, M., Zong, Y., Zhou, L., and Liu, Q. (2015). Close and allosteric opening of the polypeptide-binding site in a human Hsp70
Chaperone BiP. Structure 23, 2191-2203.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Yang, Y.G., Lv, W.T., Li, M.J., Wang, B., Sun, D.M., and Deng, X. (2013). Maize membrane-bound transcription factor Zmbzip17 is a key
regulator in the cross-talk of ER quality control and ABA signaling. Plant & cell physiology 54, 2020-2033.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Yue, E., Liu, Z., Li, C., Li, Y., Liu, Q., and Xu, J.H. (2017). Overexpression of miR529a confers enhanced resistance to oxidative stress in
rice (Oryza sativa L.). Plant cell reports 36, 1171-1182.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zandalinas, S.I., and Mittler, R. (2017). ROS-induced ROS release in plant and animal cells. Free radical biology & medicine.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zhang, D., Liu, D., Lv, X., Wang, Y., Xun, Z., Liu, Z., Li, F., and Lu, H. (2014). The cysteine protease CEP1, a key executor involved in
tapetal programmed cell death, regulates pollen development in Arabidopsis. The Plant cell 26, 2939-2961.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zhang, W., Wu, Y., Schnable, J.C., Zeng, Z., Freeling, M., Crawford, G.E., and Jiang, J. (2012). High-resolution mapping of open
chromatin in the rice genome. Genome Res 22, 151-162.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zhang, Y., Wang, Y., Kanyuka, K., Parry, M.A., Powers, S.J., and Halford, N.G. (2008a). GCN2-dependent phosphorylation of eukaryotic
translation initiation factor-2alpha in Arabidopsis. Journal of experimental botany 59, 3131-3141.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zhang, Y., Liu, T., Meyer, C.A., Eeckhoute, J., Johnson, D.S., Bernstein, B.E., Nusbaum, C., Myers, R.M., Brown, M., Li, W., and Liu, X.S.
(2008b). Model-based analysis of ChIP-Seq (MACS). Genome biology 9, R137.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
Zhou, Z.S., Huang, S.Q., and Yang, Z.M. (2008). Bioinformatic identification and expression analysis of new microRNAs from Medicago
truncatula. Biochemical and biophysical research communications 374, 538-542.
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title
DOI 10.1105/tpc.18.00153
; originally published online May 25, 2018;Plant Cell
Stapleton, Diane C. Bassham, Federica Brandizzi and Stephen H. Howell
Andrew Severin, Mingze He, Samuel I Vaitkevicius, Carolyn J. Lawrence-Dill, Peng Liu, Ann E. 
Renu Srivastava, Zhaoxia Li, Giulia Russo, Jie Tang, Ran Bi, Usha Muppirala, Sivanandan Chudalayandi,
Prosurvival Activities to Cell Death
Response to Persistent ER Stress in Plants: a Multiphasic Process that Transitions Cells from
 
This information is current as of September 20, 2018
 
 Supplemental Data  /content/suppl/2018/05/25/tpc.18.00153.DC1.html
Permissions  https://www.copyright.com/ccc/openurl.do?sid=pd_hw1532298X&issn=1532298X&WT.mc_id=pd_hw1532298X
eTOCs
 http://www.plantcell.org/cgi/alerts/ctmain
Sign up for eTOCs at: 
CiteTrack Alerts
 http://www.plantcell.org/cgi/alerts/ctmain
Sign up for CiteTrack Alerts at:
Subscription Information
 http://www.aspb.org/publications/subscriptions.cfm
 is available at:Plant Physiology and The Plant CellSubscription Information for 
ADVANCING THE SCIENCE OF PLANT BIOLOGY 
© American Society of Plant Biologists
